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Presented here are three distinct, but interwoven areas of
mutation research and molecular genetics using Drosophila melanogaster
as the test organism. The first section describes the characterization
of the DNA replication process and DNA repair in the oocyte. This
involved sex-linked recessive lethal tests on ethyl methanesulfonate
(EMS) treated females and unscheduled DNA synthesis (UDS) studies
involving EMS, methyl methanesulfonate (MMS) and N-ethyl-N-nitrosourea
(ENU). Oocytes were positive for UDS with EMS and MMS in a DNA repair
competent strain and negative in excision repair deficient strains.
ENU was negative in a DNA repair competent strain.
Since UDS is not quantitative the development of a molecular
dosimetry assay for oocytes is a necessity. The second section
33describes equilibrium labeling of Drosophila with P. This technique
relies on the theory that Drosophila, living their entire life on media
33 33
with P, will reach an equilibrium between the P and unlabeled
phosphorus in the media, leading to a uniform labeling of the DNA.
14
This has been achieved and may eventually replace ( C-dT) 
deoxythymidine as a DNA label.
Analysis of the types of mutations makes up the third section and 
involves the study of x-ray induced mutations at the Aleohol 
dehydrogenase (Adh) locus. Only two of the eight mutants (25%) 
analyzed here or two out of the original 31 (6%) induced mutants 
produced a detectable protein using the O'Farrell two-dimensional gel 
technique. Restriction endonuclease and Southern blot studies showed
viii
five out of the eight (63%) of the mutants previously determined not to 
be large deletions had an altered DNA restriction pattern, including 
one spontaneous mutant. These alterations were all outside of the Adh 
structural gene region. Only one of these produced a detectable ADH 
protein. Of the three normal appearing mutants after restriction 
endonuclease and Southern blot analysis only one made a detectable ADH 
protein. All of the mutants made a normal sized mature mRNA which 
hybridized to the genomic probe. These alterations in the five mutants 
not producing a detectable ADH protein may be due to very small 
deletions resulting in frameshifts.
ix
INTRODUCTION
Drosophila melanogaster, used initially with ionizing radiation 
and later with chemicals, has long been regarded as a superior test 
system for mutation studies. It is extremely well-characterized 
genetically, has a relatively short generation time of 14 days, and 
does not require much operating space or care when compared to 
mammalian systems. With the recent explosion in molecular genetics, 
particularly in Drosophila, the information obtained on the molecular 
level can be easily related to the genetics of the organism. This 
marriage of molecular to classical genetics makes Drosophila one of 
the leading eukaryotic systems to study. Furthermore, mutagenesis 
researchers can build upon the expanding amount of basic molecular 
information becoming available to initiate sophisticated types of 
analyses needed to understand the mutational process.
Induced mutations were first detected when MULLER (1927) observed 
an increased mutation frequency in Drosophila following x-ray 
treatment. STADLER (1928) found similar results in barley. Chemical 
mutagenesis began in the 1940's when AUERBACH and ROBSON (1946) 
discovered that nitrogen mustard was mutagenic in Drosophila. WATSON 
and CRICK (1953) described the chemical basis of the gene and opened a 
new era in mutagenesis research which has greatly expanded with the 
use of recombinant DNA technology.
The work presented here involves three distinct, but interactive 
and interwoven areas of mutation research and molecular biology. The
first section describes the characterization of the DNA replication 
process and DNA repair in the oocyte during its maturation. The types 
of analyses involved in this area include: a) sex-linked recessive 
lethal (SLRL) tests which allows for the screening of lethals produced 
at 500-600 loci on the X-chromosomes in female Drosophila (KELLEY and 
LEE 1983), b) the use of DNA repair competent and deficient strains 
and c) unscheduled DNA synthesis (UDS). The mutagens methyl 
methanesulfonate (MMS), ethyl methanesulfonate (EMS) and ethyl 
nitrosourea (ENU) have been studied, at least in part, in the three 
areas listed. By comparison of the SLRL and UDS data with both DNA 
repair competent and deficient strains, a more complete picture 
concerning the mutational response of the oocyte and its repair 
capability can be discerned. However, UDS is not quantitative and 
problems exist in this type of analysis. For example, ENU is negative 
for UDS in a DNA repair competent strain. Why is this? Is there no 
repair of the lesions produced by ENU? or does ENU not penetrate into 
the oocyte? These questions cannot be answered by UDS studies and 
must wait molecular dosimetry analyses of the oocyte for answering. 
These problems lead to the second area (Section II); the development
O O
of a molecular dosimetry assay using P as a replacement for the 
(^C-methyl) deoxythymidine (^C-dT) normally used in such work. 
Dosimetry work involves studying the number of adducts, such as ethyl 
or methyl groups bound to the DNA after mutagen treatment. The 
emphasis in the first two sections is on female mutagenesis, an area 
receiving very little effort in the past, mainly due to the oocytes 
more complex nature (KELLEY and LEE 1983).
The equilibrium labeling of Drosophila with 33p relies on the 
theory that Drosophila, living their entire life from eggs to adults 
on media with will reach an equilibrium between the ^ p  and
unlabeled phosphorus in the media, thereby leading to a reliable and 
uniform labeling of the DNA. If the DNA is extracted from these
O O
adults the number of P disintegrations per ug of DNA should be the
same no matter the sex or tissue used for the DNA extractions. This
has been achieved using very strict feeding conditions and may
eventually replace u C-dT as a general DNA label in this type of work 
33
P was chosen due to its lower energy level (0.25 meV) compared to
32
P (1.71 meV) which is biologically less hazardous to the Drosophila
33 o o
P also has a longer half-life (25 days) than JZP (14 days).
The first two areas of mutagenesis studies presented here 
essentially involve treating Drosophila with a mutagen and measuring 
response, either UDS or adduct formation in dosimetry studies. 
However, this is the black box approach: into the box (organism) goes 
the mutagen, and out of the box mutations are seen without 
understanding what the processes are or what actually happens to 
produce the mutations. This can now be partially explained with 
modern molecular biology techniques. This type of analysis makes up 
the third section and involves the study of mutations at a single 
locus, Alcohol dehydrogenase (Adh). This gene is located on the 
second chromosome in Drosophila and Adh mutants are isolated after 
mutagen treatment by their resistance to l-penten-3-ol, a secondary 
alcohol that is converted to a lethal ketone if normal ADH enzyme is 
present. The initial mutations analyzed were produced by x-ray
4mutagenesis, but more recently ENU induced mutants have been 
recovered. By analyzing mutations at a single locus the actual 
changes in DNA structure that are responsible for the mutations can be 
determined. Classical genetic tests, such as complementation studies 
can not determine intra-allelic changes and are not as sensitive as 
DNA restriction mapping and sequencing. A number of mutations, 
particularly those induced by x-rays have been classified in the past 
as point mutations (ASHBURNER, AARON and TSUBOTA 1982), but with the 
more detailed analysis appear to actually be small deletions or 
rearrangements.
There may also be a large number of frameshifts produced 
following x-ray mutagenesis. These may be a result of small deletions 
and thereby producing a fairly normal (in size) messenger RNA (mRNA), 
but one that has either a premature terminator (nonsense mutation) or 
altered codons producing missense mutations. Since most of the x-ray 
mutations analyzed to date appear normal with respect to their DNA 
restriction maps and produce fairly normal sized Adh-mRNA, the 
frameshift hypothesis may be the correct one. Interestingly enough, 
some of the mutants appear to have alterations outside the structural 
coding region of the Adh gene. This may prove to be a coincidence due 
to the breaking and rejoining of the DNA following x-ray mutagenesis 
or it may be the actual cause of the mutation. Similar results have 
been seen with enhancer elements, upstream or downstream alterations 
or insertions producing altered gene activity at a distance (KHOURY 
and GRUSS 1983). With the types of molecular damage produced by 
x-rays at one locus (Adh) as a data base, comparisons can now be made
5from mutations induced by chemicals. This is the ultimate goal of 
modern mutagenesis researchers; the comparative study of various 
classes of chemicals and the types of damage they produce.
The two types of mutation induction discussed here are chemical 
and x-ray. X-rays are ionizing radiations that produce ionized atoms, 
radicals, and molecules. The primary types of damage produced by 
x-rays are gross chromosomal breaks and rearrangements of the DNA.
Past reports, usually determined by genetic complementation studies, 
have claimed x-rays may cause point mutations (ASHBURNER, AARON and 
TSUBOTA 1982). However, with more molecular techniques now available, 
these "pseudo-point" mutations may be small deletions and 
rearrangements. Historically, radiation research has been a 
quantitative science with detailed dose-response curves. These curves 
have led to the target theory stating that one hit of the target, DNA, 
causes one mutation. However, as the dosage increased, a non-linear 
dosage-response curve is observed due to multiple hits producing 
mutations (CATCHESIDE 1948; LEA 1955). This dosimetry work has 
recently been expanded to chemical mutagenesis, with simple alkylating 
agents as the mutagen (AARON and LEE 1978).
The alkylating agents, which add an alkyl adduct to the DNA, 
cause base-pairing alterations which are possible sites for mutations. 
Both transitions (purine replaced by a different purine) and 
transversions (purine replaced by a pyrimidine or pyrimidine replaced 
by a purine) are the result of single nucleotide-pair substitutions 
(FREESE 1971). If the 0-6 position of guanine is alkylated and not 
repaired it then pairs like adenine and a GC to AT transition occurs.
6Mutations may result from the spontaneous depurination of the DNA 
following alkylation, specifically the N-7 position of guanine.The 
alkylation of the N-7 position of guanine may not be a direct cause of 
mutations, but may induce promutagenic lesions which are converted to 
potential mutagenic events. The addition of an adduct to the N-7 
position of guanine causes the glycosidic bond to become labile 
resulting in hydrolytic loss and the creation of an apurinic site. 
Hydrolytic depurination of alkylated DNA was calculated by STRAUSS et 
al. (1975) to be 1.84 x 10”^ min“ * at 37°C. This compares to 1.8 x 
10“® min-  ^ (37°C.), the hydrolytic depurination rate of non-alkylated 
DNA (LINDAHL and NYBERG 1972). Basically, alkylating agents can cause 
base alterations, apurinic/apyrimidinic (AP) sites, single-strand and 
double-strand breaks and can cross-link DNA to proteins (DRAKE 1970). 
Various ways of preventing these types of damages have been 
discovered; 1) AP endonucleases to cut the sugar-phosphate backbone 
adjacent to the AP site which has been created by either spontaneous 
loss or by the action of a DNA gycosylase (LINN et al. 1981), 2) 
insertase enzymes that directly add the missing base without cutting 
the sugar-phosphate backbone (LINN et al. 1981), 3) methyl and 
ethyltransferases which remove the alkyl group without removing the 
base or cleaving the sugar-phosphate backbone (PEGG et^  al. 1983), and 
4) postreplication repair that involves the retrieval of a normal DNA 
strand in order to replace the gap left in a newly synthesized strand 
opposite the damaged site (HANAWALT et al. 1979).
Failure to repair the altered DNA, or misrepair, may lead to a 
change in the DNA code as follows: missense (change in triplet coding
for a different and nonfunctional amino acid), nonsense (change in 
triplet to a peptide chain termination codon), frameshifts (addition 
or deletion of a single nucleotide-pair) and neutral mutations (change 
in triplet to code for the same amino acid) (DRAKE 1970). Another 
type of mutation induction involving the insertion or removal of 
transposable elements has recently been observed in over half of the 
spontaneous mutations analyzed in eukaryotes (KIDD, LOCKETT and YOUNG 
1983; ZACHAR and BINGHAM 1982). However, no evidence has yet 
accumulated on whether chemicals or x-rays can induce the movement of 
these transposable elements and thus cause mutations.
The work presented here is an attempt to relate genetic tests 
with molecular dosimetry and mutational studies at a single locus. 
These studies have involved the use of the organism Drosophila 
melanogaster for all the analyses. Hopefully, these studies have shed 
some light on the very complex pattern that is emerging in female 
oocyte mutagenesis and molecular analysis of induced mutations. These 
studies are not meant to be the end of any particular line of 
research, but rather the starting point.
The style followed in this dissertation is that used in the 
journal Genetics. This style was chosen since the first section has 
already been published in that journal and the last section is being 
submitted to Genetics.
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ABSTRACT
A s a m odel system  for studying m utagenesis, the oocyte of Drosophila 
m elonogaster h a s  exhibited considerable com plexity. Very few experim ents 
have been conducted  on th e  effect of exposing oocytes to  chemical m utagens, 
p resum ably  due to  the ir low er m utational response relative to  sperm  and 
sperm atids. T h is low er response m ay be due either to  a change in probability of 
m utation  induction  p e r adduct due to  a change in the type of DNA repair o r to  
a  low er dose o f the  m utagen to  th e  fem ale germ line. To study  m olecular 
dosim etry  and  DNA repair in  th e  oocyte, the large num ber o f intracellular 
constituen ts (m tDNA, RNA, nucleic acid  precursors and large quantities of 
p ro teins and  lipids) m ust be separated  from  nuclear DNA. In this paper we 
p resen t resu lts show ing reliable separa tion  of Buch molecules enabling us to 
detec t scheduled  nuclear and  m itochondrial DNA synthesis. W e also, by under­
standing  the  precise tim ing of such events, can  detect unscheduled DNA 
synthesis (UDS) a s  a m easure of DNA repair. Furtherm ore, by comparing the 
UDS resu lts in  a repa ir com petent (Ore-R) vs. a  repair deficient [mei-9u ) strain, 
w e have show n the  oocyte capable of DNA repair after treatm ent w ith ethyl 
m ethanesu lfonate  (EMS). W e conclude tha t the im portant determ inant of m u­
ta tion  induction  in  oocytes after trea tm en t w ith  EMS is the tim e interval 
betw een DNA alkylation and DNA syn thesis after fertilization, i.e., the in ter­
rup tion  of continuous DNA repair.
THE oocyte represents one of the two human germ cell stages most frequently exposed to mutagens. As a model system for studying mutagenesis, the 
oocyte of Drosophila melanogaster has exhibited considerable complexity even 
for ionizing radiation for which the dose can be uniformly applied. It was 
originally shown that there was considerable difference in the response to 
ionizing radiation between mature oocytes and immature oocytes for dominant 
lethals and cell killing ( P a t t e r s o n ,  B r e w s t e r  and W i n c h e s t e r  1932; M u l l e r ,  
V a l e n c i a  and V a l e n c i a  1950; K in g ,  R o b i n s o n  and S m i t h  1956), and sex-linked 
recessive lethals ( P a r k e r  1960). P a r k e r  (1963) attributed a change in the rate of 
chromosome rejoining between mature and immature oocytes as the explana­
tion for some of the cell stage differences. W h i t i n g  (1945) showed substantial 
differences between the mature egg and the immature oocyte in Habrobracon. 
A b r a h a m s o n  et al. (1971) used fractionation of X-ray dose and found in 2- to 3-
G enetict IOC 279-299 M ay. 1BB3.
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day-old females with immature oocytes that there was considerable restitution 
of primary mutational damage; however, in older oocytes there was no evidence 
of restitution. S a n k a r a n a r a y a n a n  and S obels (1976) and Parker  and W illia m ­
s o n  (1976) reviewed the effects of ionizing radiation on oocytes. Differences in 
repair of premutational lesions was one explanation for the reported germ cell 
stage differences.
The importance of repair on mutation frequency in the egg of D. melanogaster 
was demonstrated by treating males with methyl methanesulfonate (MMS), 
ethyl methanesulfonate (EMS), ethylnitrosourea (ENU) and methylnitrosourea 
(MNU) and by allowing them to mate to both DNA repair-competent and 
homozygous DNA repair-deficient females (G r a f , G reen  and W urgler  1979; 
V o g el  1982). When females where homozygous for a mutant allele at the mei- 
9 locus that was excision-repair deficient in tissue culture (Boy d , G olin o  and 
S e t l o w  1976), an increase in the induced mutation frequency was observed 
over the results when males similarly treated with MMS, EMS and MNU were 
mated to repair-competent females (G r a f , G reen  and W urgler  1979; V o g el  
1982). Consistent results between laboratories for ENU were not obtained. 
Presumably, excision-repair during the short time from penetration of the egg 
by a sperm cell to cleavage significantly reduced the frequency of induced 
mutants on the paternal X chromosome. It was also observed that repair- 
deficient mutants, when homozygous in the female, enhanced the loss of the 
paternal Y chromosome after treatment of the male (Z im m ering  1981). These 
experiments measured the effect of repair in the egg on premutational lesions 
induced in the paternal genome. To measure mutations induced in the maternal 
genome, we developed stocks for a sex-linked recessive lethal test based in 
principle on a test used by M uller , O ster  and Z im m ering  (1963) that was 
designed to exclude preexisting mutants.
The role of repair in the mouse oocyte was suggested by the experiments on 
the intensity effect (R u ssell , R ussell  and Kelly 1958; R ussell , R ussell and 
C u p p  1959; R ussell  1965) and the interval effect (R ussell  1965). In the interval 
effect the induced mutation frequency decreased to the nondetectable level if 
sufficient interval was allowed between treatment and fertilization, presumably 
the result of repair.
Previous work suggests that chemical mutagens induce a lower mutation 
frequency in the female than male Drosophila ( P e l e c a n o s  and A l d e r s o n  
1964a,b; B u r d e t t e  1950; B h a t t a c h a r y a  1948; A l d e r s o n  1965; S h a k a r n i s  1970; 
S c h e w e ,  S u z u k i  and E r a s m u s  1971a,b; W a l k e r  and W i l l i a m s o n  1975; B r o w n ­
i n g  1970) or mice ( R u s s e l l  1982). It is reasonable to suspect in Drosophila, mice 
and, by inference, in man that repair in the oocyte plays a significant role in 
reducing the mutational response of treated females compared with treated 
males; however, an alternate explanation of a lower dose of the mutagen to the 
female germ line due to poor activation or penetration of the mutagen in its 
active form to the oocyte nucleus must also be considered. To study the role of 
repair in the oocyte and to determine the dose to the germ cell nucleus, methods 
are required to isolate and purify nuclear DNA from oocytes.
The development of the oocyte in D. melanogaster has been studied by
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cytological means in which it has been characterized as a series of 14 develop­
mental stages occurring over a period of 72 to 78 hr after emergence of the cell 
from the germarium ( K in g ,  D a r r o w  and K a y e  1956; K in g  1957; D a v i d  and 
M e r l e  1968). Oocyte development originates with the stem cell (cytoblast) 
undergoing a single mitotic division at the anterior tip of the germarium. One of 
the division products continues as a cytoblast, whereas the other (cyctocyte) 
cell continues to divide forming a 16-cell group. Eventually, one of the 16 cells 
establishes itself as the oocyte; the other 15 function as nurse cells, characteristic 
of polytrophic meroistic type insects ( M a h o w a l d  and K a m b y s e l u s  1980). The 
vitelline membrane secreted by follicle cells separates the nurse cells from the 
oocyte at stage 9 and prevents nurse cell nuclei intrusion into the oocyte (K in g  
and S a n g  1959). However, at stage 11, the nurse cells empty into the ooplasm 
some of their contents which are predominantly ribosomal RNA ( G o l d s t e i n  
and S n y d e r  1973), some dense bodies (lipid containing) and mitochondria (K in g  
and M i l l s  1962). The possible presence of nucleic acids and mitochondria of 
nurse cell origin in the ooplasm of freshly deposited oocytes complicates the 
analysis and recovery of oocyte nuclear DNA synthesized in these germ cells.
A  method for purification of nuclear DNA separate from mitochondria] DNA 
was developed by taking advantage of the difference in GC content between 
nDNA (41%) and mtDNA (20%) ( P e a c o c k  et al. 1973). The separation of nuclear 
DNA from nurse cell DNA is accomplished since we show nurse cell DNA is 
degraded to a low molecular weight before the egg is laid. The work reported 
here overcomes these difficulties by first devising an extraction method for 
separating nuclear DNA from mitochondrial DNA by GC content, regardless of 
physical DNA form or dye interaction. This method employs potassium iodide 
(KI) isopycnic centrifugation in a vertical rotor. The KI density range is such 
that binding of ethidium bromide dye to the DNA does not influence its banding 
pattern; use of the vertical rotor enhances recovery and greatly reduces centrif­
ugation time. What has been shown is that there is no oocyte nDNA synthesized 
after the development of the 16 cells in the germarium until cleavage, a period 
of 5-6 days. We have shown that nurse cell DNA is not included in the high 
molecular weight nDNA fraction since DNA synthesis is known to occur in 
nurse cells during stages 2-10 ( K in g  1970; M a h o w a l d  and K a m b y s e l l i s  1980; 
J a c o b  and S i r l i n  1959) which are within the 5-day period when we find no 
labeling of nDNA.
Since there is no scheduled synthesis of nDNA for a 5-day period in the 
oocyte, unscheduled DNA synthesis (UDS) may be detected with a low back­
ground of nucleotide incorporation. We have detected UDS in repair-competent 
(Ore-R) stocks after treatment with EMS, but we did not detect UDS in oocytes 
from treated females homozygous for an excision-repair-deficient mutant.
m a t e r ia l s  a n d  m e t h o d s
Lam bda, salm on sperm  and Micrococcus lysodeikticus D N A  w ere obtained from Sigma Chemical 
C om pany (St. Louis, M issouri) along w ith ethidium  brom ide, restriction endonuclease H indlll and 
m edium  EEO agarose. Calf thym us and PM2 DNA w ere purchased from  Boehringer-Mannheim 
(Indianapolis, Indiana). M ethyl-f'HJ-thym idinel^H J-dT). (a P)-orthophosphoric acid and thym ine-
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m elhyl-(wC)-E. coli DNA w ere purchased  from  New England Nuclear (Boston, M assachusetts). (*H)- 
H exadecane fo r liquid scintillation in ternal standards w as purchased from  A m ersham  Searle 
(A rlington H eights, Illinois). C rystal reagent grade potassium  iodide and Proteinase K w ere pur­
chased  from  MCB Reagents (C incinnati. Ohio). Low melting tem perature agarose w as obtained 
from  B ethesda Research Laboratories (Rockville, M aryland), Nalge film w are bags from Nalge 
C om pany (Rochester, New York) and  lnstagel from Packard Instrum ent Com pany (Downers Grove, 
Illinois).
G enotypes o f D. m elanogaster stocks and  m oling schem es
T o  collect unfertilized eggs from  D. m elanogaster  fem ales, the following crosses w ere m ade (see 
L in d s l e y  and  G r e l l  (1967) for sym bol description]. Males of the genotype Y S/X .Y L, In(2)dJ-49. v  f  
B  (stock R) w ere m ated to  virgin fem ales, ln ( l)sc8, sc 8 1 B/X.Y8, ln (l)scJ '  +  dl-49,1(1)/1 y '  v  f  B 
(stock 0). T hese fem ales w ere produced autom atically  as virgins by a series of crosses in a circle 
th a t continuously  produces virgin fem ales (W . R. L e e  et al., unpublished results). The tw o types of 
heteroxygous fem ale progeny of th is cross are brotherlcss. (Should either of the lethals in the 
p a ren ta l X chrom osom es not be expressed , fem ale siblings will still be virgins due to  the lack of the 
Y l  in  an y  surviving males, a  loss w hich assures m ale sterility.) These fem ales w ere used for the 
(’H )-thym idine larval and  adult germ  cell DNA labeling. For the (aH)-dT adult germ cell DNA 
labeling, stock CB m ales (BS.Y, bb* (KSl+2)~ y * /X .Y s, ln(l)EN2, f) w ere crossed to stock Q  fem ales 
(In (l)sc8, sc* I B/In(l)dJ-49, y oc v  B131), and  the resulting fem ales w ere used. These "Q " fem ales 
w ere  p roduced  autom atically  as virgins in  the sam e circle cross that produced stock O autom atic 
virgins (W . R. L e e  et al., unpublished results). T his cross w as also used to  produce larvae for the * p  
experim ents. T he  m ales p roduced from  th e  above cross w ere sterile and discarded. Also, only 
fem ales o f th e  ln(l)dl-49, y a c v  B m /X .Y S, fn(l)EN2, f  (stock CB X Q) genotype w ere used in these 
experim ents.
T o  stim ulate  egg laying and m ain tain  regular unfertilized egg developm ent, Ore-R, mei-R1’1 or CB 
X Q  virgin fem ales (all aged 3-5 days) w ere m ated to  sterile males tha t lacked the fertility factors 
found  o n  the Y* chrom osom e resulting  in disintegration of sperm atids in D. m elanogaster (B r o u s - 
s e a u  I960; S t e r n  a n d  H a d o r n  1938). T he unfertilized eggs w ere collected a t the appropriate tim e 
po in ts and  frozen  under anoxic conditions until analysis. The eggs w ere collected using a m odifi­
cation  o f the collection procedure o f W u r g l e r , U l r ic h  and S p r in g  (1968). Eggs collected and stored 
in  th is  m anner a re  stable and have not undergone degnerative changes (T r a v a c u n i , P e t r o v ic  and 
S c h u l t z  1967).
G enetic test for  sex-linked recessive lethals (SLRL) induced in fem ales
T he frequen tly  used sex-linked recessive lethal test in Drosophila requires m odification for use 
in  fem ales. T he test as usually conducted  in  m ales autom atically elim inates preexisting lethals on 
the X chrom osom e in the trea ted  hem izygous male, w hereas lethals from  previous generations 
m ight be carried  in the heterozygous fem ales. T o test appropriately in fem ales, it is, therefore, 
desirab le  to  trea t fem ales that a re  balanced heterozygotes for the X chrom osom e w ith appropriate 
m arker genes on each chrom osom e. T he m odification of the test, originally devised by M u l l e r , 
O s t e r  an d  Z im m e r i n g  (1963) w ith  d ifferent stocks, is to  treat the fem ale heterozygote and exam ine 
h e r Fi sons. O nly those cultures th a t con tain  both classes of Fi m ales are retained and used in the 
test. Fi fem ales heterozygous fo r th e  balanced treated  chrom osom e are then  placed individually 
in to  D rosophila vials, and the Ft are  scored for the presence or absence of the m ales w ith the treated 
X chrom osom e. Potential lethals a re  verified for the absence of m ales through tw o generations as 
in  th e  case  o f lethals scored from  trea ted  m ales (L e e  1976). The significance of th is modification is 
th a t w h en  a  lethal com es from  a  p aren t o f an  Fi culture that has both classes of males then  the 
le thal m ust have been induced in  the trea ted  generation and could not be the result of a preexisting 
m uta tion  in the population, since o therw ise a class o f m ales w ould have been missing in  the Fi 
cu ltu re . V erification of the lethal through successive generations is conclusive evidence of the 
heritab le  na tu re  of the m utation; thereby, w e have established that a m utation occurred in a specific 
trea ted  generation . O ur testing schem e adap ted  for the SLRL in fem ales is show n in Figure 1.
Fem ales (CB x  Q) w ere fed 10 m M  EMS fo r 24 h r  as described previously ( A a r o n  and Lee 1978). 
T hey  w ere  then  individually m ated  to stock R males, and  brood 1 w as for 14 hr, overnight. Brood 
2 began the follow ing morning and  w as for 3 days. Broods 3 and 4 w ere combined and lasted for a
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F ig u r e  1.—Fem ale SLRL testing schem e-sim ilar to male schem e (L e e  1976). Males w ith Y 
chrom osom e A  and  X chrom osom e B are  crossed with autom atic virgins heterozygous for chro­
mosom e C an d  D (W. R. Lee e t al., unpublished results). Pi fem ales (D/B) are treated  w ith the 
appropriate  m utagen fo r SLRL stud ies o r UDS experim ents. Both types of males m ust be present in 
the Fi to  ru le  out preexisting lethals. Lethals are scored in  the F» and retested for tw o generations. 
Phenotypes a re  below  the chrom osom es w ith  B /+  standing for heterozygous B ar eye. Only loci 
w ith  pheno types th a t a re  scored ore listed in  the figure (the phenotypes acbaete and Bar of Muller 
a re  not scored). E ach chrom osom e is designated by a  letter w ith  the following genotype: (A) Bs - 
Yy*. bb* (K S1+2)-; (B) X.Y3.1N(1)EN2,fi (C) IN (l)sc8. sc 'J B; (D) lN (l)dJ-49+ B " y oc v B*n ; (E and 
G) Y*; (F) X . Y \  fN(l)dl-49, v  f  B; (H) X.Y*. fN(l)dl-49, v  B.
to tal o f 7 days. Brood 5 also lasted  7 days. Broods 3 and 4 w ere initially separate but later combined 
due to  low  num bers o f progeny.
In vivo UDS in germ  cells
T o  detec t in  vivo UDS in germ cells w e used a stage of developm ent w hen norm al DNA synthesis 
w as inh ib ited  by  the natu ra l process o f developm ent. The observation o f a period of 5 days between
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the last prem eiotic scheduled  synthesis in the germ arium  and the laying of an unfertilized egg 
provided an  excellent condition  fo r studying DNA synthesis in germ cells that w ere roetabolically 
active. Since scheduled synthesis w as naturally  blocked during this period, any incorporation of 
DNA precursors into th e  nuclear fraction of high molecular weight DNA m ay be taken as UDS. The 
appropriate control w as a parallel test of un treated  flies in w hich one com pared the lack of 
incorporation of (3H )-dT in to  the nuclear fraction in the untreated flies vs. the incorporation into 
nuclear DNA in the treated  flies.
Females of both repair-com petent (Ore-R) and  excision-repair-deficient (m ei-9u ) stra ins w ere 
fed either 100 pCi of (*H)-dT (specific activity — 75.3 Ci/m m ol) and 25 roM EMS for 24 h r in a  1% 
sucrose solution or, as a control, a  1% sucrose solution w ith (sH)-dT alone. A fter treatm ent, the 
fem ales w ere placed in  egg-collecting units and  sterile males added. Eggs w ere collected for 8 and 
16 h r (m ean ages are 4 and  8 hr) and  frozen as before.
D. m elanogaster DNA isolation a n d  buoyant density  analysis
Frozen eggs w ere hom ogenized in 6  m l of 100 i s m  NaCl, 50 d im  Tris, pH  8.5,10 m M  EDTA and 1% 
SDS. Salm on sperm  DNA w as added as an  unlabeled DNA carrier and isopycnic gradient marker. 
T he solution w as shaken  fo r 30 m in, followed by a 30-min extraction w ith an equal volum e of 
chlorofrom  to isoam yl alcohol (24:1) and  centrifugation to  separate the phases. T he aqueous phase 
w as m ixed w ith  tw o volum es of e thanol and  th e  solution frozen 15 min in a dry ice-ethanol bath; 
nucleic acids w ere precip ita ted  by  centrifugation at 10,000 rpm, 2°, in a Sorvall SS-34 rotor for 20 
min. T he precip itated  nucleic acids w ere resuspended in 0.1 SSC, and RNase w as added to  200 pg / 
m l for 1 h r  a t 37°, follow ed by P roteinase K digestion (200 pg/m l) for another 1-2 hr. A ny rem aining 
proteins w ere rem oved by extraction  w ith  an  equal volume of phenol to  chloroform  to isoamyl 
alcohol (25:24:1). T he aqueous layer w as diethyl e ther w ashed and the DNA ethanol precipitated 
and  resuspended in  50 m M  T ris (pH  8.5), 10 m M  EDTA. KI w as added to  obtain a refractive index of 
1.418 (p «  1.480 g/cm*) (R u b e n s t e i n , B r u t l a c  and  C l a y t o n  1977) before transferring to a Beckman 
ultracentrifuge tube. E thidium  brom ide w as added to  a concentration of 50 pg/m l o r 0.125 m M  prior 
to isopycnic centrifugation (Beckm an m odel L5-65B ultracentrifuge) using the Vti-65 rotor, 16 hr, 
60,000 rpm  at 20°. T he salm on sperm  nuclear DNA band w as identified by UV visualization, and 
appropriate fractions w ere  collected from  the bottom  of the tube after puncturing w ith a 21-gauge 
syringe needle.
For liquid scintillation counting, nuclear and  mtDNA fractions w ere freed of ethidium  bromide 
by th ree w ashes w ith  n -butanol followed by extensive dialysis against 10 m M  Tris (pH 7.6), 1 mM 
EDTA to rem ove the KI salt. T he  rem aining salt-free solution w as assayed spectrophotom etrically 
to  ensure DNA purity  and  determ ine percentage of recovery of the unlabeled carrier salm on sperm  
DNA. Recoveries w ere consisten tly  50-60% of the carrier DNA. Counting w as done in Nalge 
film w are bags placed in  plastic  scintillation vials using Packard Instagel as fluor. The Packard 
m odels 3320 and  300C liquid scintillation counters w ere used in  these experim ents. Background for 
the tritium  channel ranged from  4.64-5.54 cpm  w ith  an  efficiency of 16.79%, w hereas the “ P channel 
had a 5.06-cpm background an d  an  efficiency of 70.59%. (’H)-dT sam ples w ere counted until less 
than  a 5% erro r w as achieved in  net counts; generally, accum ulation of 10,000 actual sam ple counts 
w as sufficient ( W a n g  and  W i l u s  1965). ” P sam ples w ere counted and all observed counts corrected 
to  the initial treatm en t da te  using a  program  available and routinely used in this laboratory ( A a r o n  
and  L e e  1975). *H efficiencies w ere determ ined using internal standards made w ith (’H )-hexadecane, 
and  “ P  efficiencies w ere calculated  using “ P from  the day of treatm ent. Background values w ere 
determ ined by collecting and  counting fractions from  the KI gradients that did not contain nuclear 
DNA, mtDNA o r RNA.
Since the recovery o f specific DNA molecules free of any other cellular constituents is crucial to 
our in vivo analysis, the  DNA isolation procedure must cleanly isolate the oocyte nuclear D N A  
O ther cellular con tam inants include RNA and  proteins that would be labeled in general labeling ®P 
studies; only DNA should be labeled w hen  (*H)-dT is used as a DNA precursor. W e have 
accom plished th is separa tion  a s  evidenced by no tritium  or ” P counts recovered in  the RNA or 
protein  fractions of th e  gradient. Furtherm ore, past experim ents ( S a b o u r in  1981) have show n that 
the (’H )-dT fed as a  DNA precu rso r results in  only thym ine carrying the tritium  label after acid 
hydrolysis and  tw o-dim ensional paper chrom atography.
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A dult and  larval labeling of D. m elanogaster
Late second instar la rvae  from  the cross of stock R m ales to  stock 0 fem ales (see G enotypes o f D. 
m elanogaster stocks an d  m ating  schem es) w ere fed (’H )-dT at a specific activity of 53 m Ci/m m ol 
and a  total of 100 fiCi per feeding vial. T he feeding m edia consisted of 1% agar. 1% fructose, w ater. 
(*H)-dT and unlabeled thym id ine  to  obtain  th e  desired specific activity. The larvae w ere fed for B 
h r and then  placed on stan d ard  cornm eal-agar D rosophila media. Emerged fem ales (3-5 days old) 
w ere m ated to sterile m ales and  unfertilized eggs collected as described.
For adult treatm ents, 5-day-old fem ales (stock R m ales x  stock O fem ales) w ere fed (*H)-dT for 
24 h r in glass feeding vials a t 53 m C i/m m ol and  ICO pC i/v ial in a 1% sucrose solution applied to 
glass fiber filters. A fter th e  (*H)-dT feeding, the fem ales w ere im m ediately m ated to sterile males 
and egg collections sta rted  as described before. Labeling of first through late second instar larvae 
w ith “ P carefully paralleled  past “ P labeling experim ents (L e e , S e c  a  and A l f o r d  1967).
Statistical analysis fo r lo w  leve l counting
T he m ethod used to  determ ine w h eth er counts on an  individual sam ple w ere significantly higher 
than  background counts w as th a t o f B a r n e t t  and  L e w i s  (1978). T he test for an  upper confidence 
limit, P “  0.05 (sam ple th a t varied  from  the background) is as follows: T« *» (X» — X )/s, w here X is 
th e  average background count fo r th e  sam ple, X„ is the counts per m in of the sam ple, s  is the 
standard  deviation o f the  background counts and  n is the num ber of replications. S tandard 
deviations o f th e  sam ples w ere  determ ined as  the standard  deviation of the rate including the 
contribution of background e rro r ( W a n g  and  W il l is  1965). T he counts in Figures 5 and 6 w ere high 
enough th a t the confidence lim its w ere  so sm all tha t graphic  representation  w as not feasible. 
However, e rro r bars in  Figure 7 rep resen t tw o  standard  deviations from  the mean. Background for 
each sam ple w as determ ined  using regions of the isopycnic gradient free of the nDNA- or mtDNA- 
labeled molecules. Each of th e  b lanks and  sam ples w ere counted for 1(H) m in/cycle. Sealed standards 
w ere counted in each  cycle and  consist of the unquenched vials (’H . MC. “ Cl) and five quenched 
vials containing “ C. C ounts on  each sealed standard  w ere lim ited to  200,000 counts/v ial for each 
cycle. T he scintillation coun ter w as program m ed to repeat each cycle so tha t betw een each 100-min 
record of counts on an  experim ental sam ple there w ould be m atching blank sam ples plus the series 
o f sealed standards. T he  b lanks w ere  th u s counted over th e  sam e period of tim e as the experim ental 
sam ples w ith  their records being in terspersed w ith each other. A n independent determ ination of 
both the consistency and  efficiency of counting over the tim e period from  the beginning of counting 
th e  sam ples to  the com pletion  of in ternal standard ization  w as m ade by analyzing the sealed 
standards. A nalysis o f “ P-labeled DNA molecules and sealed standards w as done using a com puter 
program th a t corrects fo r decay  and  analyzes fo r drift o f th e  corrected disintegrations per min over 
counting tim e ( A a r o n  and  L e e  1975).
RESULTS
Comparison of genetic response of mature vs. immature oocytes and potassium 
iodide gradient characterization
The SLRL frequency of stock CBQ repair-competent females treated with 10 
mM EMS for 24 hr can be seen in Table 1 and Figure 2. The overnight sample 
(brood 1) consists mainly of poststage 7 oocytes since the time between stage 7 
and egg laying is approximately 11 hr. These oocytes are the most mature at 
time of treatment and give an SLRL frequency of 18.7%. After the overnight 
sample the brood 2 (3 days) represents immature oocytes (predominantly stages 
6-8) that are much less sensitive (5.7%), presumably due to enhanced repair. 
Broods 3 and 4 represent oocytes and oogonia treated at an earlier stage, and 
brood 5 is the only oogonia-treated germ cells. After brood 1, results similar to 
those of B r o w n in g  (1970) are observed. However, previous work did not 
distinguish between the overnight most mature oocytes and the less mature
18
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TABLE 1




1 0-1 168/888 18.7
2 1-4 22/371 5.7
3 and  4 4-11 5/685 0.54
5 11-18 6/652 0.73
C urren t contro ls 5/2693 0.19
“ D ays from  treatm ent.
* All induced frequencies corrected  to r  cu rren t contro l frequency. Broods 1, 2, and  5 are 
significantly  h igher (P <  0.05) th a n  the cu rren t contro ls (K a s t e n b a u m  and B o w m a n  1070).
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F i c u r e  2 .— Induced SLRLs in  the fem ale germ  line after treatm ent w ith 10  m M  EMS for 2 4  h r in 
1% sucrose. O ogonia-treated cells appear betw een 5 and  6 days after treatm ent. C onfidence limits 
represen t 1 stan d ard  deviation  com puted from  sam pling error.
stage 7 oocytes. This discrepancy in mutation frequency prompted our search 
for differential DNA repair patterns by UDS in the repair-competent and repair- 
deficient developing oocyte.
To understand the molecular basis for this rapid change in mutation fre­
quency of the developing oocyte, the oocyte nDNA must be analyzed free from 
the other cellular material present in that germ cell stage. To do this, it is crucial 
to separate the oocyte nDNA from the numerous nucleic acids that are not
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derived from its nucleus. The KI gradient, as an analytical tool, can be charac­
terized by examining the results of typical 16-hr runs using KI and ethidium 
bromide in the vertical rotor and DNAs of known molecular weight and known 
G +  C content. The tube in Figure 3a contained linear calf thymus DNA 
[molecular weight (MW) «= 10-12 x  106] with a G + C of 39% that is clearly 
distinguishable above lambda DNA (MW = 30.8 x  10s) with a G +  C of 49%. 
Fine separation, 10% G +  C difference or less, can be achieved with this method.
Evidence that KI separation is due to base composition rather than physical 
conformation is seen in Figure 3b and c. Covalently closed and open circular 
PM2 phage DNA (MW «= 6-6.8 x  106) with a G +  C of 43% (upper band) and 
linear M. lysodeikticus DNA (MW *= 19 X  10s) with a G +  C of 70% (lower band) 
are separated strictly by GC content and not configuration (Figure 3b). The tube 
in Figure 3c contained open and closed circular PM2 (43% G +  C) as the lower 
band and linear calf thymus DNA (39% G + C) as the upper band. If the closed 
and open circular molecules were banding separately, as they do in CsCl- 
ethidium bromide gradients, then only closed circular molecules would be 
present in the PM2 DNA band. To confirm that both forms of PM2 DNA are 
present in a single band in the Kl-ethidium bromide gradient the upper band 
from the tube in Figure 3b was subjected to low melting agarose gel electropho­
resis. The PM2 DNA separated into closed circular (fast migrating) and open 
circular (slower migrating) DNA forms in the gel. Both DNA forms recovered 
from the gel according to W i e s l a n d e r  (1979) were recombined and run in the 
Kl-ethidium bromide gradient where they produced single bands (UV visualiza­
tion). These single bands were run on a hormal 1.0% agarose gel again producing 
both fast migrating (closed circular) and slow migrating (open circular) bands. 
There can be no doubt that the single band in the Kl-ethidium bromide gradient 
represents both open and closed circular DNAs.
Figure 4 illustrates a lack of ethidium bromide effect on the buoyant density
i B i i
a b c d
F ig u r e  3 .— Banding patterns of DNAs in K l-ethidium brom ide gradients run  16 h r at 60,000 rpm 
20" in  th e  vertical ro tor (initial density  «  1.48 g /cm ’). Bands w ere illum inated w ith  long UV light 
and  photographed through a yellow filter, a. Calf thym us DNA, linear. 39% GC (top band) and 
lam bda DNA. linear, 49% GC (bottom  band), b, PM2 DNA, closed and  open circular 43% GC (top 
band) and  M. lysodeikticus DNA, linear. 70% GC (bottom band), c. Calf thym us DNA (top band) 
and  PM2 DNA (bottom  band), d. Separation  of DNA species in th ird  instar larvae from the cross of 
stock R x  O. T he upper band of m itochondrial DNA is distinctly separated  from the nuclear DNA 
band  (center). Faint bands above and  below  th e  nuclear band are  satellite DNA.
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FIGURE 4.—(MC)-dT-E. coll DNA run in th e  KI gradient w ith (dotted line) and w ithout (solid line) 
e th id ium  brom ide fo r 16 h r at 60,000 rpm , 20°, in  the Vti-65 vertical rotor (initial density  -  1.48 g /  
cm*). Fractions, 100 pi, w ere collected from  the bottom  of the tube into 3-ml Nalge scintillation bags; 
Instagel w as added before counting in a Packard LSC. Increasing fraction num ber denotes decreas­
ing density .
of linear DNA relative to the KI gradient. These curves represent radioactivity 
recovered in sequential fractions of two KI gradients to which (UC)-E. coli DNA 
had been applied; only one of the gradients contained the dye. Ethidium 
bromide in KI has no effect on the position of the DNA bands in the tube; 
therefore, we use it for visualizing the DNA bands. This figure also shows the 
reproducibility of our gradient formation and preparative centrifugation tech­
nique.
To determine the banding pattern of DNA from Drosophila, we used late 
second and early third instar larval DNA. Figure 3d represents a typical gradient 
showing clean separation of the nuclear DNA (41% G +  C, center, widest band), 
from the mitochondrial DNA (20% G +  C, upper band) with faint satellite bands 
slightly above (27% G +  C) and below (46% G + C) the nuclear band (P eacock  
et al. 1973). For the analysis of nuclear and mtDNA synthesis, the nuclear and 
two satellite DNAs were treated as a single sample. The fractions between the 
upper satellite and mitochondrial DNA bands were discarded for reasons of 
possible contamination from the two; the mtDNA band was collected in a single 
fraction. The rest of the gradient was analyzed for contaminating RNA (bottom 
of the tube) and proteins (top of tube). Since synthesized DNA was recovered 
from oocytes, recovery of the nuclear DNA fraction was based on visualization
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of salmon sperm DNA (G +  C c  41%) which had been added as an unlabeled 
DNA carrier prior to extraction. The mitochondrial fraction was taken by 
relative position to the nuclear band, even though the quantity of mtDNA was 
below visual determination levels.
Oocyte and  nurse cell DNA labeling
When 2- to 3-day-old virgin females were fed (3H)-dT for 24 hr, results such 
as those in Figure 5 were observed. In the first few days after adult treatment, 
approximately 200-300 dpm of tritium per egg were in the crude homogenate, 
whereas no tritium counts were recovered in the purified high molecular weight 
nuclear DNA. When scheduled DNA synthesis did occur, the tritium incorpo­
ration into nDNA accounted for only 0.75% of the initial tritium counts in the 
crude homogenate for adult feeding and for 0.15-0.30% when larvae were fed 
the (*H)-dT. This high level of tritium-labeled low molecular weight material 
represents the nucleic acid pool either in free thymidine or nucleic acid frag­
ments, possibly derived from nurse cell material intrusion into the ooplasm.
The observation of labeled oocyte nDNA being detected 5-6 days past (SH)- 
dT treatment of adult females correlates with previous autoradiographic find­
ings of oocyte nDNA synthesis occurring only in the germarium (G rell and 
C handley  1965; C ha n d ley  1966; K in g  and Bu rn ett  1959). A pulse of (sH)-dT 
was found incorporated into the mtDNA molecules on the first day of egg 
collections. There was a rapid decrease in incorporated tritium for the next 3 
days, decreasing below detectable levels until the first labeled oocyte nuclear 
DNA was obtained 5-6 days after treatment. The initial mitochondrial label 
would indicate mtDNA synthesis at stage 11, as was reported by M uckenthaler  
and M a h o w a l d  (1966) after injection of females with (sH)-dT, since the time 
from stage 11 until egg deposition lasts less than 11 hr.
Larval feeding with (sH)-dT and (^P)
Results of late second instar female larvae fed (3H)-dT for 8 hr can be seen in 
Figure 6. The first two days after emergence showed a slightly higher disinte­
grations per min per egg value than the later time points from day 3 until 
completion of the experiment. However, after day 3 a fairly consistent disinte­
grations per min per egg value for days 3 until 7 appeared. Since the late second 
instar female larvae only contain oogonia cells in their ovaries (Bod en stin  1950), 
only the DNA of these cells will be labeled. The 8-hr pulse of (aH)-dT allows for 
the labeling of these cells that, after emergence, differentiate into the anterior 
stem cells of the germarium which determine all of the oocyte and nurse cells 
during oogenesis. The expectation of each successive oocyte developing from 
the (*H)-dT-labeled stem cell nuclear DNA is realized (Figure 6). Furthermore, 
labeled mtDNA is seen only until day 3 and then is not again detected. This 
rapid decline results from the brief labeling pulse of 8 hr. MtDNA synthesis in 
gonia stages is probably continuous since the gonia cells are undergoing such 
rapid growth, but by restricting the pulse label incorporation, the DNA label is 
diluted by DNA replication events. This follows the same pattern of a highly 
specific period of mtDNA labeling seen in the adult DNA synthesis studies
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F i c u r e  5.—N uclear and  mitochondrial DNA synthesis events in the adult fem ale germ line. 
Fem ale adu lts  w ere  fed  (’H l-dT  in 1% sucrose a t 100 pC i/feeding vial for 24 h r  as described in 
m a t e r ia l s  a n d  m e t h o d s . A fter treatm ent the fem ales w ere im m ediately m ated to sterile males and 
egg collections undertaken. ®------9 , nDNA; O—O, mtDNA.
previously described. The same results are obtained in the “ P-labeled female 
larvae as with the (3H)-dT fed larvae (data not shown).
UDS in repair-competent and -deficient oocytes
Figure 7 shows the results of the UDS experiment. There was a significant 
increase in tritium counts in the first through fourth day posttreatment oocytes 
as a result of the incorporation of (3H)-dT into nuclear DNA after treatment of 
females with 25 mM EMS. There was also an increase in incorporation, UDS, in 
the sample of eggs collected for 16 hr (mean age "= 8 hr) over those collected for
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F ig u r e  6.—N uclear and m itochondrial DNA synthesis in fem ale larvae germ line. Late second 
in star fem ale larvae fed (’H)-dT for 8  h r and then fed standard  Drosophila m edia as a chase for 24
hr. Females w ere m ated to  sterile m ales and the unfertilized eggs collected. ®------®, nDNA; O—O,
mtDNA.
8 hr (mean age *= 4 hr). The control females which were fed (3H)-dT alone 
showed no (sH)-dT incorporation as did the 25 m M  EMS-treated mei-91,1 females, 
presumably in the latter case due to excision-repair deficiency (B o y d ,  G o l i n o  
and S e t l o w  1976).
DISCUSSION
The process of mutation induction may be divided into the initial lesion 
(adduct formation in the case of alkylating agents) followed by mutation 
fixation. Mutation fixation may he the result of error during replication of a 
modified base or misrepair. Repair may involve removal of the adduct or 
modified base or postreplication repair without removal of the adduct from the 
DNA. The former case of adduct removal may be further subdivided into 
removal of the adduct without chain scission or chain scission followed by 
synthesis of a new "patch” of DNA. The latter type of repair may be distin­
guished by synthesis of small pieces of newly labeled DNA. The detection of 
UDS is diagnostic for repair by chain scission, an event then followed by 
synthesis.
UDS may be detected with a low background of scheduled synthesis, in vivo, 
by selecting postmeiotic germ cells. UDS in mouse spermatocytes has been 
shown to be very sensitive to a number of alkylating agents ( S e g a ,  O w e n s  and 
C u m m in c  1976). To extend UDS and molecular dosimetry to the oocyte requires
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Ficure  7.—UDS experim ent w ith  repair-com petent o r excision-repair-deficient strains. Repair- 
com petent (Ore-R) o r excision-repair-deficient (m ei-911) virgin fem ales w ere fed 25 mM EMS along 
w ith  100 pCi o f (sH )-dT in  a  1% sucrose solution fo r 24 hr. Eggs w ere collected as described in text. 
C ontrols w ere (’H)-dT w ithout EM S treatm ent (A—A). @— ■» O re-R-treated fem ales, m ean age
of eggs w as 8 hr; O  O  «* O re-R -treated fem ales, m ean  age of eggs w as 4 hr; □ —□  ■* mei-9t l -
tre a te d  fem a le s , m ean  age o f  eggs w a s  8  h r. E rro r b a rs  re p re se n t 2  s ta n d a rd  d ev ia tio n s d e te rm in ed  
a s  th e  s ta n d a rd  d e v ia tio n  o f  th e  ra te  in c lu d in g  th e  co n tr ib u tio n  o f  b ack g ro u n d  e rro r  (W an g  and  
W il l i s  1965).
dealing satisfactorily with a large number of intracellular constituents. Admin­
istering a radiolabeled precursor of DNA to adults or larvae may result in 
labeling any nuclear or mitochondrial DNA undergoing replication at the time 
of treatment or during the persistence of the labeled pool of precursors. To 
separate the cellular labeled constituents and to detect UDS in the Drosophila 
oocyte is the purpose of this work.
Scheduled nuclear DNA synthesis has not been observed in the oocyte once 
meiosis is arrested at the pachytene stage in the germarium; however, it is 
known that DNA synthesis does occur in the 15 nurse cells associated with 
each oocyte after the 16-cell group leaves the germarium, resulting in a poly­
ploidy of 1024C (Y a o  1949; Ja c o b  and S i r l i n  1959). Using a KI vertical rotor 
centrifugation extraction procedure and analysis of recovered labeled nucleic 
acids from successive egg samples, we have substantiated and expanded on 
previous autoradiographic findings concerning oocyte nDNA synthesis and 
nurse Tell contributions to the oocyte nucleic acid pool. The KI gradient 
extraction procedure isolates as a single band high molecular weight DNAs 
(greater than 300 deoxynucleotides (dN) or 100,000 daltons as determined by gel 
electrophoresis) having similar GC content. Material less than approximately 
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gradient (unpublished data). If the nurse cell nuclear DNA is emptied into the 
egg and remains as high molecular weight material, by virtue of having the 
same GC content as oocyte nuclear DNA, it should band in the same region of 
the gradient. This, however, was not the case as illustrated by the absence of 
nuclear DNA label until the 5th or 6th day after feeding (3H)-dT to adult females. 
Subjecting an aliquot sample of the crude homogenate from the first few days' 
eggs to the Kl-ethidium bromide gradient resulted in labeled material distributed 
evenly throughout the gradient as a result of nurse cell degradation products. 
We conclude, therefore, that the nurse cell DNA enters as, or is immediately 
degraded in the egg to, low molecular weight fragments or free bases and 
nucleosides as has been previously reported ( T r a v a g l i n i ,  P e t r o v i c  and 
S c h u l t z  1967; T r a v a g l i n i ,  L e v e n b o o k  and S c h u l t z  1958). This interpretation 
is  consistent with the work of M a r g u l i e s  and C h a r g a f f  (1973) and M u h a m m e d , 
G o n c a l v e s  and T r o s k o  (1967) who found a peak concentration of DNA nu­
clease in the unfertilized egg when compared with other developmental stages. 
Furthermore, T r a v a g l i n i ,  P e t r o v i c  and S c h u l t z  (1967), T r a v a g l i n i ,  L e v e n ­
b o o k  and S c h u l t z  (1958) and M u h a m m e d , G o n c a l v e s  and T r o s k o  (1967) 
suggest that the cytoplasmic DNA contributed by the nurse cells is hydrolyzed 
by the DNase activity present and supplements the nucleoside pool. Nuclease 
acting on the cytoplasmic DNA or small polydeoxyribonucleotide fragments 
from the nurse cells would provide the necessary nucleotide precursors for de 
novo DNA synthesis occurring in the rapid cleavage divisions of the early 
embryo ( P a i n t e r  1940). This increased concentration of free nucleosides, ribose, 
deoxyribose and some free bases could result in erroneous reports of the DNA 
content of the unfertilized egg as measured by a color reaction with the sugar 
moiety ( G o l d r i n c  and P e a c o c k  1977; P o l a n  et al. 1973). From the high degree 
of label in the ooplasm of these eggs and absence of label in the nuclear DNA 
fraction of the gradient, it is reasonable to suggest that the highly concentrated 
nucleotide pool is derived from nurse cell contributions, although an undeter­
mined portion of the pool label would reflect a level of initially unincorporated 
precursor.
Pulse-chase labeling of D. m e la n o g a s te r  adult females gives results concerning 
the timing of oocyte nuclear DNA replication consistent with those in the 
literature ( G r e l l  and C h a n d l e y  1965; C h a n d l e y  1966); the first labeled nuclear 
DNA is observed between 5 and 6 days after emergence. (It is interesting to 
note that if nurse cell DNA were not degraded this method for timing nuclear 
synthesis would not be effective.) This suggests that the late stage in the oocyte 
development is an important one for mtDNA synthesis and proliferation, 
possibly in preparation for the rapid, energy-dependent cleavage divisions that 
will follow the fertilization event ( K in g  1970; S o n n e n b l ic k  1950). The peak 
DNA label seen between days 5 and 6 represents the height of nuclear DNA 
“synthesis. Past analysis has reported a heavily labeled leading front that is 
followed by more lightly labeled DNA ( G r e l l  and C h a n d le y  1965; C h a n d le y  
1966). Since the peak of labeling is followed by a fairly stable plateau of labeled 
nuclear DNA, we suspect that this peak represents the most intense time of 
nuclear DNA synthesis and was heavily labeled due to the duration of the
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labeling pulse. The labeling pulse will inevitably catch DNA synthesis at various 
stages, particularly since the premeiotic S phase is the only period of oocyte 
DNA synthesis during oogenesis. The absence of label at day 8 may be an 
artifact due to the small number of eggs collected at that time point (only 30% 
of other egg samples) rendering radioisotope detection uncertain.
Using the techniques described in this paper for separating nuclear and 
mtDNA species, we observed a large amount of mtDNA undergoing synthesis 
spread over a 2-day time period and observed concurrently with the nuclear 
DNA synthesis. This represents a time in the germarium when the stem cells 
are dividing and organizing into the basic 16-cell unit. High incorporation of 
(sH)-dT in mtDNA is expected of cells undergoing such rapid division. The 
rapid decline of mtDNA label after day 7 suggests that mtDNA synthesis is a 
very rapid event ( R u b e n s te in ,  B r u t l a g  and C l a y t o n  1977), especially when 
compared with nuclear DNA synthesis, and has a highly specified replication 
time period. This type of rapid and short synthesis has also been seen in the 
mtDNA molecules from late stage oocytes by M u c h e n t h a l e r  and M a h o w a l d  
(1966). Therefore, it appears there are very precise and unique times of mtDNA 
replication during oogenesis of the adult, poststage 7 and concurrently with the 
initial oocyte nuclear DNA synthesis in the germarium.
When second instar larval females were treated with 3H-dT, labeled nuclear 
and mitochondrial DNA was recovered from the first egg samples postemerg­
ence. The level of incorporation in both nucleic acids declined steadily over the 
period of egg collection due to dilution with nonlabeled precursor. Similarly, 
rearing of female larvae on media through second instar produced labeled 
initial egg samples, but the rate of decline was slower than observed for (sH)-dT 
(data not shown).
UDS experiments were designed to investigate whether the oocyte germ cell 
stage is DNA repair-competent or whether it resembles the mature sperm cell 
and is deficient in DNA repair. From our work presented here, it appears DNA 
repair, as measured by UDS, is active in mature and all other oocyte stages due 
to the increased incorporation of (3H)-dT in EMS-treated oocytes over untreated 
ones. Furthermore, a strain, mei-91,1, deficient in excision-repair in somatic cells, 
was tested for UDS activity. As we show, no detectable (3H)-dT incorporation 
was seen in the mei-9tls after EMS treatment. We conclude that not only are 
oocytes repair competent, but the mei-91,1 strain is excision-repair deficient in 
oocytes, as also observed in somatic tissue for the mei-9 locus (B o y d , G o l in o  
and S e t l o w  1976). We also have evidence that mei-9l l s do not remove alkyl 
groups from the nDNA in mature oocytes as readily as the repair-competent 
females ( K e l l e y  and L e e  1982). Other excision-deficient, mus 201D1, (B o y d  et al. 
1982) and postreplication repair-deficient, mus 302m, ( B r o w n  and B o y d  1981) 
strains are currently under investigation.
The results of female SLRL tests are interesting in- that the most mature 
oocytes, stage 11-14, which are capable of DNA repair, exhibit a high mutation 
frequency after treatment with 10 mM EMS. This high frequency is probably 
due to the interruption of the DNA repair process in oocytes since oocytes aged 
on collecting dishes continue to repair (UDS) for 8-16 hr postegg deposition. It
27
MUTAGENESIS IN OOCYTES OF DROSOPHILA
is possible that UDS is stopped in the late oocytes and then turned on again 
after meiosis in the egg, but it seems more likely that enzymes for UDS repair 
are continuously available, and UDS is normally stopped by fertilization and 
the rapid cleavage divisions that follow. The repair enzymes in the egg con­
trolled by the mei-9t l locus have been shown to affect the mutation frequency 
on the treated paternal X chromosome ( G r a f ,  G r e e n  and W u r g l e r  1979; 
Z im m e r i n g  1981; V o g e l  1982). The interruption of UDS by scheduled DNA 
synthesis appears to be the cause of the high mutation frequencies observed in 
mature oocytes. The rapid decrease in mutation frequency from 18.7% (brood 1) 
to 5.7% (brood 2) (Figure 2; Table 1) shows that allowing UDS to go to completion 
results in a decrease in mutation frequency. This decline continues in the later 
broods. Apparently UDS is error free or has only a slightly increased error over 
that of normal scheduled DNA synthesis. These results (SLRL and UDS in both 
different oocyte stages and repair-deficient strains) complement one another 
and suggest that the oocyte is repair competent in all stages postgonia. There is 
little if any cell stage specificity for repair; therefore, the differing (SLRL) 
frequencies are apparently due to interruption of the DNA repair process. This 
interruption of the DNA repair process in the oocyte could result in the shifting 
from an error-free pathway of DNA repair (excision) to an error-prone one of 
postreplication repair.
This work has several implications for the study of mutagenesis in the female 
germ line. We have shown that female germ cells exposed to (sH)-dT do not 
incorporate label in the nuclear DNA fraction after leaving the germarium. 
Therefore, we have devised a means of measuring induced DNA repair (UDS) 
in late stage oocytes a§ anomalous (sH)-dT incorporation. The need for and 
solution to separating nuclear from open and closed circular mitocondrial DNA 
has been demonstrated. The ability to separate nuclear DNA from nurse cell 
contributions to the nucleotide pool of the unfertilized egg provides us the 
opportunity to measure, in a defined germ cell stage, the degree of reaction of 
applied chemicals with that DNA. Heretofore, mutagenic dosimetry studies 
have been confined to male germ cells that are metabolically inactive and repair 
incompetent (Le e  1978); however, in this paper we demonstrate the feasibility 
of repair interactions of nDNA in repair-competent oocytes.
The time interval between alkylation and DNA synthesis in repair-competent 
cells appears to be the determining factor in cell sensitivity to mutagenesis. If 
the time interval is short, UDS is interrupted and repair may occur by a more 
error-prone mechanism. The significance of this interpretation is that an exten­
sion of time between adduct formation and scheduled synthesis of DNA in UDS 
repair-competent oocytes should reduce the mutation frequency.
This investigation w as supported  in part by U nited States Public Health Service Research grants 
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II. DOSIMETRY STUDIES USING 33P
INTRODUCTION
In the chemical dosimetry studies currently being conducted, work
has mainly been with the male Drosophila. The DNA labeling involves
pulse labeling late second instar larvae with ^ C - d T  for 8 hours and
then placing them on unlabeled media for the rest of their lives. This
procedure was designed to specifically label the germ cells of the
rapidly growing testes. Upon emergence as adults, the males are
usually treated with an alkylating mutagen that carries a tritium label
on the alkyl group. Following this treatment, the males are mated to
females, the seminal receptacles dissected from the females and the
sperm DNA isolated from the receptacles. Since only the males sperm
DNA is labeled with the ^C-dT, any DNA contribution by the female is
of no importance. The number of *^C disintegrations per minute (dpm)
per sperm cell are determined and this data is correlated with the
1 /
number of H dpm (alkyl groups) per C dpm in the purified sperm DNA. 
Calculations are then made for a final value expressed in alkyl groups 
per nucleotide (detailed description in LEE 1976 and 1978). The 
problem with this procedure is that it is: 1) very costly due to the 
*^C-dT 2) tedious since in order to determine the ^ C  dpm per sperm 
cell requires manual counting of the sperm cells in the receptacles 3) 
does not leave much room for error on the pulse labeling and 4) results
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in very low counts that require long periods of scintillation 
counting. Furthermore, the adaptation of this procedure to the oocyte 
is practically impossible due to the number of eggs that would be 
involved in order to achieve a statistically significant number of 
counts. These problems led to the idea of labeling the oocyte DNA to 
equilibrium with 33p. 32p has been tried in the past, but the amount
needed to obtain a good level of labeling usually is lethal to the 
Drosophila due to its higher maximum Beta energy of 1.71 in comparison 
to 0.25 for ^ P .  Also, has a shorter half life (14 days) compared 
to ^ P  (25 days).
METHODS
Various labeling methods were tried, but the most successful one 
and the one used for the first experiment is as follows: Drosophila 
males and females were placed in bottles which had 10 ml of media 
containing 5 uCi/ml of ^ P  as orthophosphoric acid (New England 
Nuclear). After 2 days, the flies were transferred onto 50 ml of ^3p 
media at the same concentration. These flies were then removed after 
2-3 days and the larvae allowed to spend their entire lives on the ^ P  
media, even after emergence. Experiments two and three were done in 
essentially the same manner except the males were not added with the 
females on the initial 10 ml of ^ P  media. The males were only added 
after transfer to the 50 ml of ^ P  media. This slight difference is 
crucial in the equilibrium labeling as shown in the results.The stocks 
used were such that for the female experiments only females survive
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(Cross C x 0, see LEE gt al . 1972) and for the male experiments only 
Fj males survived (Cross C x B, see LEE et al . 1972). The surviving 
adults from the two crosses were harvested from the ^3p media and 
their DNA extracted as described in KELLEY at al •» submitted. Testes 
and vesicle DNA isolation from the males were done according to AARON 
and LEE 1978.
RESULTS
In the first experiment the number of counts per minute (cpm) per
deoxynucleotide (dN) in the females and males were extremely consistent
and statistically (P £  0.5) the same (Table II-l). However, in the
second and third experiments the male and female results were different
at the 95% confidence level. The third experiment results are much
lower in ^3p Cpm per dN due to only a seventh of the ^3p used in this
experiment. The results, for the last experiment, if corrected for the
lesser amount of ^^P available produces an average value of 5.11 x 
— 1 ^
10 cpm/dN for the females and is not significantly different from 
the first experiment at the 95% confidence level. The most consistent 
result from these experiments is in the male and female data in 
experiment one. If true equilibrium labeling is being achieved, males 
and females should have identical results.
One disturbing aspect of this labeling protocol is seen in 
experiment three (Table II-l). Here the results of the testes and 
vesicle DNA isolations are seen. The testes were similar to the whole 
body males, but the vesicles were statistically lower (95% level).
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However, the latter two experiments were not done in the same manner as 
the first experiment, which is obviously the best procedure.
DISCUSSION
It is apparent that Drosophila can be labeled with 33p into
equilibrium with unlabeled phosphorus when their whole life is spent on 
33
P media (Table II-l) as seen in experiment one. The males and 
females appear to reach an equilibrium when precise feeding techniques 
are followed. The procedure that gave the best results involved 
placing both males and females on the first 10 ml of ^3p media, 
transferring them to the 50 mis of ^ P  media and analyzing the progeny 
from the eggs laid on the latter media. Experiments two and three gave 
inconsistent results between males and females and between vesicles 
(which contain mature sperm) and testicles (which contain immature 
sperm) in the males. These differences can be attributed to a 
different feeding technique of the ^ P  in the latter two experiments.
The only difference, and a critical one, is the males were not added to 
the females until the females were transferred to the 50 mis of ^3p 
media. Since no males were present to stimulate egg laying on the 10 
ml of 33p media, the first eggs laid on the 50 ml media had a very high 
level of unlabeled phosphorus in them. This would be seen in the most 
mature germ cell stage in the adult males, such as the sperm cells in 
the vesicles. This would also lead to differences in the ^ p  cpm/dN 
between the males and females since the males are much smaller in size 
and any slight alterations in the ^3p/p content in the most mature germ
37
cells would be observed in the males much easier than in the larger 
females.
The equilibrium labeling of Drosophila with ^3p appears very 
promising. The results in experiment one show no differences between 
males and females. When differences are seen, as in experiments two 
and three, the differences can be attributed to a slightly altered 
labeling procedure. This shows how sensitive equilibrium labeling is 
and how critical the correct labeling procedure must be followed. The 
replacement of ^ C - d T  with 33p as a d n a  label for dosimetry work 
appears favorable from the results presented here.
33
TABLE I I - l
3 3
P EQUILIBRIUM LABELING
Experiment 1 ug DNA CPM/ug CPM/dN x 10“13 Ave. + 2 SD
Sex Sample
Male 1 22.6 1013.1 5.2
Male 2 6.9 810.2 4.2 4.9 + 1.28
Male 3 7.0 1048.0 5.4
Female 1 31.7 960.4 4.9
Female 2 16.5 947.5 4.9 4.9 + 0.12
Female 3 12.7 985.3 5.0
Experiment 2
Sex Sample
Male 1 8.9 168.5 1.7
Female 2 42.9 431.3 4.2
Experiment 3*
Sex Sample
Female 1 9.3 143.8 0.7
Female 2 12.6 146.0 0.8 0.7 + 0.42
Female 3 16.1 134.9 0.7
Male 1 3.9 101.3 0.5
testes 21.4 89.9 0.5
vesicles 13.0 54.1 0.3
^These values were obtained using only 1/7 the previous amount o:
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X-rays have long been known to produce both intra- and intergenic 
mutations, including alkali labile lesions, purine, pyrimidine base 
and sugar damage, crosslinks between two DNA strands or DNA and 
protein, and single and double strand breaks. The radiolysis types of 
damage are the apyrimidinic and apurinic sites along with formation of 
thymine glycols and urea from hydroxyl radical attacks on thymine. An 
important characteristic of ionizing radiation is that energy is not 
dissipated at random, but instead is concentrated in tracts. As has 
been shown by mutagenic analysis, deletions are the predominant type 
of mutational lesion recovered. However, of the intragenic mutations 
produced by X-ray the question of whether these mutations are 
single-site or small deletions has not been clearly shown. We have 
attempted to analyze, at the molecular level, the types of damage 
caused by X-ray mutagenesis on a nonrepairing germ cell; the mature 
Drosophila sperm. In this analysis we have excluded those mutants 
previously determined as intergenic lesions. The Adh locus of 
Drosophila was chosen for this type of analysis predominantly because 
of its well known molecular biology, ease of recovering mutants and 
its apparent similarity with other loci in the types and frequency of 
mutations produced by X-rays and chemicals (ASHBURNER et al. 1982).
In an X-ray mutagenesis study in 1979, AARON recovered 33 
mutations at the Adh locus. These included 6 at 500 rads, 6 at 1000 
rads, 19 at 3000 rads, and 2 spontaneous mutants. Using inter se 
crosses for deletion mapping, 22 of the 31 (71%) induced and 1 of the
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2 spontaneous mutants have been classified as deletions using standard 
genetic mapping techniques (AARON 1979; ASHBURNER et al. 1982). The 
remaining 7 induced (two mutants have been lost; mutant 74 was lost 
during analysis) and 1 spontaneous mutant would normally be classified 
as point mutations; mutants 2, 74, 80 and 248 (see materials and 
methods for mutant description) appear normal by restriction 
endonuclease and Southern blot analysis using the 4.8 kb sACl genomic 
probe, and all appear normal by Northern and spot blot analyses. More 
differences are observed when the larger 11.8 kb sAF2 genomic probe is 
used perhaps indicating alterations further from the structural gene 
resulting in the lack of Adh activity. Only mutants 80 and 249 make a 
detectable protein by two-dimensional gel electrophoresis (0'FARRELL 
1975) analysis while all produce a hybridizable messenger RNA (mRNA). 
Therefore, only three of the original 31 (10%) induced mutants at the 
Adh locus showed no alterations from the wild type except for lack of 
recognizable ADH protein determined by two-dimensional gel 
electrophoresis. None of the mutants show any detectable alterations 
in the region that includes the Adh structural gene and promoter 
region.
The final analysis concerning the alteration of the Adh locus 
must await our detailed mRNA and DNA sequence analysis of the mutants; 
if these mutants do turn out to be due to frameshifts, it may be 
exceedingly difficult to produce clear sequence results supposing 
deletions of only a few bases.
MATERIALS AND METHODS
Chemicals and Enzymes: Restriction enzymes were purchased from
either Bethesda Research Laboratories or New England Biolabs. 
Ampholines were obtained from LKB. Acrylamide, Aprotinin, agarose, 
formaldehyde and formamide were from Sigma. Silver nitrate was 
obtained from Aldrich and Coomassie Blue R from Bio-Rad. RNA markers 
(16S and 23S) were from Miles Laboratories and Cronex intensifying 
screens were from DuPont.
Stocks : X-ray mutants Adhn^A 2 , Adhn^A23, Adh11^ 2 4, AdhnLA80 t
AdhnLA248, AdhnLA249, AdhnLA319, and Adh_nLA379 were obtained from Dr.
C.S. AARON (1979) and carried the markers cn bw as did mutant
AdhnLA405 from Dr> ASHBURNER. AdhnLA319 is a spontaneous mutant
and arose on chromosome Adh^ pr on (These mutants will be referred to
by number only). These strains were maintained over the second
chromosome balancer In(2LR)0, Cy dp^v^ Adhn8 pr cn2 (LINDSLEY and
GRELL 1968). Mutants 2, 73, 74, 80, 249, and 319 were placed over
chromosome _b, Df42L)64j a very large second chromosome deletion
including the Adh region (WOODRUFF and ASHBURNER 1979 and 1979a).
Mutant 248 is homozygous viable and mutant 379, a known deletion for
£xi3noc osp Adh was carried over the formaldehyde deletion mutant Adh 
pr cn, which uncovers 122 noc osp Adh 13 (ASHBURNER tit al. 1982). 
Mutant 405 is carried over the deletion mutant 379. The wild type 
stock Ij AdhJ cm bw, maintained frozen at -20°C since 1979, was used as 
the control for all the mutants since this was the stock in which the
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mutants were induced except for mutant 319 (AARON 1979). Mutant 319 
was also compared to the _b AdhF en bw strain since the restriction 
pattern of Adh^ pr £n had the same restriction banding pattern for all 
enzymes used (see Results).
Probes: The 4.8 kb genomic sACl (GOLDBERG 1980) and Adh.cDNA
(BENYAJATI e£ al. 1980) clones were obtained from Dr. W. Sofer. The
11.8 kb genomic clone sAF2 in plasmid pSV2 was obtained from Dr. T. 
MANIATIS. Probes and plasmid DNAs were prepared according to MANIATIS 
et al. 1982.
Two-dimensional Gel Electrophoresis and Silver Staining; Five 
adult flies at least 5 days old were decapitated and homogenized in 50 
ul sample buffer with 20 ul Aprotinin added to inhibit protease 
activity. The solution was centrifuged for 5 minutes at 12000 x g.
The supernatant was removed and 25 ul was applied to the focusing gel. 
Each sample for the two-dimensional protein analysis consisted of 
100-150 ug of crude soluble protein. Isoelectric focusing was 
performed according to O'FARRELL (1975), except the second dimension 
gel was an 8% SDS-acrylamide gel. Silver staining was accomplished 
according to a procedure developed by Dr. M. Adams, LSU (see 
Appendix).
Isolation of DNA and RNA From Adult Drosophila: DNA was isolated
by grinding 1 gram of flies in liquid nitrogen and homogenizing in 15 
mis of 50 mM Tris-HCl, pH 8.5, 100 mM NaCl, 10 mM EDTA, 0.5% 
B-mercaptoethanol and 1% SDS. This solution was chloroform:isoamyl 
alcohol:phenol (24:1:25) extracted 3 times. DNA was ethanol 
precipitated from the aqueous phase, resuspended and centrifuged on a
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Kl-ethidium bromide isopycnic gradient (KELLEY and LEE 1983) in a 
Sorvall TV-865 vertical rotor for 8-16 hours at 55,000 rpm. The 
nuclear DNA band was collected, butanol extracted to remove the
ethidium bromide and dialyzed against 10 mM Tris-HCl, pH 7.5, 1 mM
EDTA (TE).
RNA was isolated by the procedure of DEELEY et^  al. (1977) with 
the following modifications. After precipitation from the 
guanidine-HCl, the pellet was resuspended in TE and 1 g/ml CsCl was 
immediately added. This was placed over 0.3 volumes of a 1.8 g/ml 
CsCl cushion (FRYBERG e_t al. 1980) and centrifuged in a TV-865 
vertical rotor for 5-8 hours at 55,000 rpm. The RNA was removed and 
precipitated. Proteinase K (100 ug/ml) was added to the resuspension 
for 1 hour at 65°C, followed by a phenol extraction and dialysis. The 
RNA was stored frozen at -20°C.
Restriction endonuclease analysis: 10 ug of DNA from each of the
mutants and from the wild type stock was cut with the various
restriction enzymes for 12 hours and electrophoresed on a 1.5% agarose 
gel in 0.04 M Tris-acetate, 2 mM EDTA buffer (pH 8.0) with 0.5 ug/ml 
ethidium bromide. Hind III digests of lambda DNA were used as 
molecular weight markers. DNA was bidirectionally transferred to 
nitrocellulose according to SMITH and SUMMERS (1980).
Northern and RNA Dot Blot Analysis: Total adult RNA was spotted
onto nitrocellulose according to THOMAS (1980). Northern analysis was 
done according to GOLDBERG (1980) using a 1.5% agarose-formaldehyde 
gel and transferred to nitrocellulose. 15. coli 16S (1541 bases) and 
23S (2904 bases) were used as molecular weight markers.
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Hybridizations: Hybridizations of the Southern and Northern
transfers and the RNA spot blots were done according to MAMIATIS et 
al. (1982) under stringent temperature (65°C) and washing conditions. 
Autoradiography was done at -70°C with Dupont Cronex intensifying 
screens. sACl, Adh.cDNA and sAF2 plasmids were nick-translated 
according to RIGBY (1977).
RESULTS
Two-Dimensional protein analysis. Initial two-dimensional protein 
analysis revealed only mutant 249 producing a recognizable protein. 
(Fig. Id). However, when we refined our assay using only the soluble 
protein from five freshly killed flies, instead of a lengthier extract 
preparation, mutant 80 was also found to make a detectable protein 
(Fig. lb). Mutant 80 showed a shift toward the anode which probably 
represents a change in charge due to substitutions for at least one 
amino acid from the Adh^ stock in which the mutants were induced (Fig. 
la). These results with mutant 80 were checked by preparing the 
mutant protein by both methods and coelectrophoresising both on a 
two-dimensional gel. The results were consistent with our hypothesis 
that mutant 80 is highly labile and is quickly degraded in the absence 
of protease inhibitor. (Early examples of ADH instability were seen 
by THATCHER 1977). The modified two-dimensional O'FARRELL and silver 
staining techniques were very sensitive in the analysis of ADH protein 
from the normal and wild type mutants. Mutants analyzed by us which 
have been previously cited in the literature as CRM” (antibody 
cross-reacting material negative) (SCHWARTZ and SOFER 1976) were found 
not to produce a recognizable protein in the two-dimensional analysis 
used here (data not shown). Those found to be CRM+ , or having ADH 
protein recognizable by the antibody, were detected as distinct spots 
on our gels in the ADH region. This is seen with GyOn® (Figure lc 
and 2b), an EMS induced nonsense-transition mutant lacking the
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terminal 20 amino acids (KUBLI «3t al. 1982) in which molecular weight 
of the ADH monomer changed from 26,000 to 24,000 daltons. This loss 
of 20 amino acids (9%) is near the limit of detection of the ADH 
protein on the two-dimensional system. There was also a slight change 
in the total charge toward the anode, as evidenced by its movement in 
the horizontal direction (compare this with AdhF in Figure 2a).
Single amino acid changes can easily be seen (Fig. 3). Here AdhF is 
distinguishable from AdhS due to a single amino acid change of a 
threonine (neutral) in Adh^ to a lysine (positive) in Adh^. Figure 3b 
again shows Adh^ and Adh^ , but also shows another isozyme of the ADH 
protein, Adh® which has a glutamic acid (negative) instead of the 
glycine (neutral) in Adh^. Some mutants that do not have any 
recognizable ADH protein are seen in Figure 4. Here mutants 2, 379 
and 73 are shown without any recognizable ADH protein in comparison to 
Adh^. This technique, especially when examining mutants at a 
particular locus, is much more informative and sensitive than the CRM 
test and can be performed quickly from just five flies. Furthermore, 
it is especially applicable when the protein being analyzed is a 
predominant one, such as ADH, which makes up 2% of Drosophila soluble 
proteins.
Messenger RNA Analysis. Spot blot analysis (Fig. 5) showed that 
all of the mutants make hybridizable Adh-mRNA when probed with the 
sACl clone. Mutant 379, which is a known Adh deletion, did not 
hybridize to the probe. Northern blot analysis (Fig. 6) failed to 
reveal any distinguishable differences between the wild type _b AdhF cn 
bw adult Adh-mRNA and the mutants. However, these results reveal the
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fact that the mutants did make hybridizable Adh-mRNA leading us to 
conclude that the mutations were not due to transcriptional 
inhibition. This type of analysis will not detect frameshift 
mutations nor deletions less than approximately 50 bp. Although 5 of 
the 7 mutants do not make a recognizable ADH protein, all 7 do produce 
seemingly normal molecular weight Adh-mRNA and must, therefore, 
maintain the correct splicing of the adult introns (BENYAJATI ejS al. 
1983).
Restriction Endonuclease Analysis. The sensitivity of 
restriction endonuclease mapping has been estimated to be no better 
than detecting a change of 50 bp or greater (ZACHAR and BINGHAM 
1982). This does not include those mutations involving the 
restriction site where smaller changes, including single base changes 
can be detected. Secondly, the wild type _b Adh^ en bw stock which was 
used as the control had been maintained frozen at -20°C since the 
initial experiment over 5 years ago, while the mutant stocks have been
constantly expanded and crossed to various deletions. This change in
maintenance between the control and mutant stocks may account for some
of the unusual aberrations we report here, but recent experiments on
the expanded wild type stock show no differences from those using 
frozen flies (Fig. 7). Figure 7 shows the comparison of b Adh^ ea bw 
from five year old frozen flies to the current _b Adh^ ea bw stock 
grown from the original. There are no detectable differences when 
digested with Hha I and hybridized to either sACl or sAF2. Digests of 
Adh° pg ea are shown for comparison and again no differences are seen. 
The latter is shown since the spontaneous mutant 319 was recovered
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from the AdhP pg ea strain. Other digests showed no detectable 
differences.
Two genomic probes were used in the analysis of the control and 
mutant restriction digests. The 4.8 kb sACl probe contains 
approximately 2 kb of DNA on either side of the Adh structural gene 
and is bordered by two Eee RI restriction sites. The 11.8 kb sAF2 
genomic probe contains an additional 3.5 kb of DNA outside each Eoe RI 
site and is bordered by Sae I restriction sites (Fig. 8). Other 
restriction sites important to this analysis are shown in the same 
Figure. Digestion with Hha I (Fig. 9) and probing with the sACl clone 
gives normal restriction patterns for mutants 73, 74, 80, 249, 319 and 
405 while mutant 2 has an additional 300 bp band. Mutant 248 has an 
additional 450 bp band when digested with Hha I (Fig. 9). Using the 
larger sAF2 probe (Fig. 10) and digesting with the same enzyme shows 
mutant 74 is missing a 1200 bp fragment and has a new 900 bp fragment. 
This could be the result of a 300 bp deletion internal to two Hha I
sites, but must be outside the region covered by the sACl probe since
these alterations are not seen when using the smaller sACl probe. The 
spontaneous mutant 319 has a pattern similar to that of mutant 74. It 
is missing the same 1200 bp fragment and has the extra 900 bp 
fragment, but also additional 620 and 800 bp fragments. Again none of 
these changes in 319 were seen using the sACl probe. The extra
fragment in mutant 2 seen with the sACl probe is not seen on this gel
because of its size. We suspect the change in the restriction pattern 
of spontaneous mutant 319 may be due to the loss of an insertion 
element that may be present near the Adh gene. This loss could leave
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behind an alteration in the restriction endonuclease pattern. Since 
the change was detected only with the sAF2 probe, we feel an enhancer 
region may be involved or the x-rays stimulated transposon movement 
from this region. However, we have not yet proved either of these two 
theories to our satisfaction and they are currently under 
investigation.
Using the restriction enzyme Hinf I and the sACl probe, only 
mutant 2 had any alterations in banding patterns. This mutant has an 
extra large fragment of approximately 1600 bp. This extra fragment is 
also seen when the larger sAF2 probe is used (Fig. 11). Spontaneous 
mutant 319 is missing a band close to 1100 bp and has an additional 
one of 520 bp when probed with sAF2 after Hinf I digestion. Double 
digestion with Hpa I and Hinf I and probing with sAF2 again reveals 
the extra 1600 bp fragment for mutant 2 (not shown). This extra 
fragment is also seen when the shorter sACl probe is used (Fig. 12).
This extra Adh DNA must be inserted somewhere within the region 
maintained either by the GyOn^ balancer chromosome or the deletion 
64j. The DNA must have originated from the 4.8 kb region since it 
hybridizes with the sACl probe. However, mutant 319 which again shows 
the missing and additional fragments when probed with sAF2 after Hpa 
1/ Hinf I digestion (not shown) appears normal when probed with sACl.
The alterations for this mutant are outside the 4.8 kb (sACl) region, 
but within the 11.8 kb (sAF2) area. The fragments of 643, 893 and 399 
bp span the region from the promoter past the 3' end of the Adh gene. 
These appear normal in all the mutants analyzed with Hpa 1/ Hinf I 
digestion, at least within the limits of detection. The possibility
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of any gross mutations (deletions) spanning the adult promoter region 
which lies in a 387 bp Sal I~Hpa I fragment (BENYAJATI e^ t al. 1982) 
can be ruled out since any deletion spanning the Hpa I cutting site 
would be detected by the loss of this site. This was not seen in any 
of the mutants analyzed. Furthermore, mutants 74 and 80, after Hpa 1/ 
Hinf I digestion and sACl hybridization are missing the same 1400 bp 
fragment, with no other noticeable alterations (Fig. 12). Mutant 248 
has all the expected bands, but also additional bands of 520 and 310 
bp. Another digestion with Eeo RI, Sal I and Bam HI showed only 
mutant 2 having any detectable alterations. With the sACl probe 
mutant 2 had an additional fragment and using the sAF2 probe it had 2 
additional bands, one of which was the same as was seen with the sACl 
probe. Other digests with either additional enzymes or other 
combinations of enzymes supported the aforementioned results, but gave 
no further information on alterations which may be the cause of the 
mutations.
DISCUSSION
The x-ray induced mutants presented here were all initially 
isolated by AARON (1979) over an intragenic Adh null mutation 
therefore allowing for the recovery of deletions, both large and 
small. Most of these mutants (71%) were characterized by classical 
genetic mapping techniques as deletions. The remaining set of mutants 
that showed no cytological aberrations (ASHBURNER et al. 1982) or 
reduced recombination frequencies were analyzed on the molecular level 
for changes in the DNA, RNA or protein produced by the Adh locus. Of 
the eight mutants studied here, only two (80 and 249) produced a 
recognizable ADH protein by the highly sensitive O'Farrell 
electrophoresis and silver staining technique modified for detection 
of Drosophila ADH protein. One of these two, mutant 80, produces a 
highly labile protein, whereas the other mutant 249, is very stable. 
These two are currently undergoing further analysis using the 
technique described by CLEVELAND, et al. (1977) to find which amino 
acids are altered from the normal ADH protein. Failure to detect an 
ADH protein can be interpreted as: 1) a change in the ADH protein that 
is greater than substitution of a single amino acid with opposite 
charge, 2) a change of more than 10% in molecular weight, or 3) at 
least an 80% reduction in the amount of protein produced.
Analysis on x-ray induced mutants at the white locus in 
Drosophila, resulted in 6 mutants recovered. Three were large 
deletions (1.2, 16 and 30 kb) while the others were essentially
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identical to white+ by restriction analysis except one which was 
missing a Hind III site (ZACHAR and BINGHAM 1982). Using 7 allozyme 
loci and gamma-irradiation, RACINE, et al. (1980) showed that of the 7 
null mutants recovered, 3 of 5 were CRM+ and 2 of 6 formed active 
heterodimers with an active normal allele. However, since a low 
chronic dose was used over a period of 15 generations, the 
accumulation of spontaneous mutants cannot be ruled out. They also 
proposed that the CRM- nulls could be either physical deletions of a 
locus, missense or nonsense mutations, or frameshifts with the 
resulting inactive protein degraded. Since we have analyzed the 
mutants presented here by restriction mapping and Southern blotting we 
can rule out the first idea of physical deletions of the Adh locus, at 
least for any large deletion. Searching the known DNA sequence using 
the NIH-Prophet Genbank System, we find 3 possible early nonsense 
codons if a frameshift of either +1 or -2 nucleotides is incurred.
Two are within the first 10 amino acids and all three occur in exon 2, 
the amino terminal end of the ADH enzyme (using the nomenclature of 
KREITMAN 1983). Exon 3 has 7 potential nonsense codons with a shift 
of +1 or -2 nucleotides and 2 with a shift of -1 or +2 nucleotides. 
Therefore, any mutation, whether a single base or a small deletion 
causing a frameshift early in the Adh structural gene results in an 
extremely small polypeptide that would not be detected by the methods 
employed here or by the CRM test. Furthermore, these polypeptides are 
most likely very labile.
The DNA restriction endonuclease and Southern blot analysis 
showed very few detectable alterations in the restriction patterns.
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Induced mutants 2, 74, 80 and 248 have differences from the wild 
type, using the sACl probe and mutants 2, 74 and spontaneous mutant 
319 show differences using the longer sAF2 genomic clone. Mutant 2 
consistently shows additional Adh material in Southern blot 
experiments, perhaps representing a rearrangement or duplication of 
Adh-DNA during replication subsequent to x-ray mutagenesis. This 
possibility is also currently under analysis. Since the changes in 
restriction patterns observed in these five mutants do not appear to 
involve the structural gene, we question whether they are coincident 
events which are not the cause of the Adh null activity. However, 
GOLDBERG et al. (1983) using P-eleraent transformation showed that the
11.8 kb fragment between the Sac I sites (Fig. 8) contains eis-acting 
regions that are necessary for the correct regulation of Adh gene 
expression. Whether the alterations seen when probing with the sAF2 
clone are indicative of alterations affecting these regulatory regions 
is currently under investigation. This latter hypothesis is not 
supported by the results of the Northern and spot blot experiments 
which show the mutants do make Adh-mRNA which will hybridize with the 
genomic probes and are of normal molecular weight. This implies 
correct mRNA splicing. If the regulatory regions had been affected we 
would have expected the action to be on the transcriptional rather 
than the translational level.
The alterations observed outside the structural gene might not be 
directly related to the Adh-null mutation, but may have been 
associated with the x-ray ionization tract that did multiple damage to 
this region of the chromosome. A single tract could result in losses
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or additions of a few bases in the structural gene resulting in a 
frameshift yielding chain termination and larger changes outside the 
structural gene yielding an alteration in the restriction patterns.
The two that produce a nonactive ADH protein are probably the result 
of base substitutions or point mutations. The idea that base 
alterations leading to amino acid substitutions produce Adh null 
mutants is supported by KREITMAN's work (1983) where with 43 
polymorphisms from five natural populations studied by DNA sequence 
analysis, only one (Adh^ to Adh^) resulted in an amino acid change. 
This implies that such changes are normally deleterious for the Adh 
locus.
Recently N-ethyl-N-nitrosourea (ENU) Adh mutants induced in both 
larval and adult Drosophila have been recovered. Of the three mutants 
recovered from adult mutagen treatment, two are intragenic with one 
producing an ADH protein, and the third appears to be a deletion 
uncovering the two adjacent loci osp and noc. The fact that a direct 
acting alkylating agent can produce such a large deletion is 
intriguing and may have been missed in past experiments with ethyl 
methanesulfonate (EMS), since none of the 13 mutants recovered were 
deletions (ASHBURNER et al. 1982). The frequency of deletions 
produced by chemical mutagens such as EMS or ENU may have been 
underestimated due to the method of mutant recovery since some 
experiments used deletions instead of Adh null chromosomes for 
recovery of the Adh mutant.
Only two of the eight mutants (25%) analyzed here or two out of 
the original 31 (6%) induced mutants produced a detectable protein
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using the two-dimensional gel technique. Restriction endonuclease and 
Southern blot studies using the shorter sACl genomic probe showed four 
of the eight mutants having altered restriction patterns from the wild 
type, however none of the mutants appeared altered in the region of 
the Adh structural gene. When the larger sAF2 genomic probe was used, 
one additional mutant also showed an altered pattern, again outside of 
the structural gene region. Therefore, five out of the eight (63%) of 
the mutants previously determined not to be large deletions had an 
altered DNA restriction pattern, including the spontaneous mutant. Of 
the 31 x-ray induced mutations at the Adh locus, only 3 (10%) were 
normal using restriction endonuclease and Southern blot analysis. The 
three normal appearing mutants (73, 249 and 405) had only one (249) 
that made a detectable ADH protein. The five mutants that had altered 
restriction patterns (2, 74, 80, 248 and 319) outside the Adh 
structural gene region also only had one (80) that produced a 
detectable ADH protein. All of the mutants made a normal sized mature 
mRNA which hybridized to the sACl genomic probe.
There are two possible explanations for mutants with normal 
transcription (mRNA) and restriction patterns, but no observable ADH 
protein: 1) the mutations may be due to deletions of one or a few 
bases resulting in frameshifts to nonsense codons that allow normal 
restriction patterns and mRNA production but produce premature 
terminations of ADH polypeptide synthesis as described above, or 2) 
these mutations may be a result of transitions within the Adh 
structural gene to nonsense codons. A search of the wild type Adh 
structural sequence in Genbank showed there are 20 potential C to T
and 14 G to A transition sites that would result in early terminators. 
If mutation to nonsense codons occur, then normal restriction 
patterns, mRNA synthesis and splicing would be observed, but shortened 
ADH polypeptides would result and might not be detected by 
two-dimensional gel electrophoresis. The two mutants that produce a 
detectable ADH protein might be the result of a missense rather than a 
nonsense mutation.
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Figure 1.— Two-dimensional gel electrophoresis of (a) Adh^, (b) 80,
(c) CyOn® and (d) 249. Isoelectric focusing is in the 
horizontal direction (anode to the right) and SDS-PAGE in 
the vertical (direction of migration is from top to bottom) 
direction. Gels were silver stained as described in text. 
Arrows indicate the ADH protein.
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Figure 2.— Two-dimensional gel electrophoresis of (a) Adh^ and (b) 
CyOnB.
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Figure 3.— Silver stained two-dimensional gels showing effect of
single amino acid changes on isoelectric focusing of ADH 
protein. Panel a shows protein from flies heterozygous for 
Adh^ and Adh**. Panel b again shows ADH*" and ADHS proteins 
plus purified ADH® was added before electrophoresis.
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Figure 4.— -Selected Adh mutants that do not make an identifiable ADH 
protein on two-dimensional gel electrophoresis and silver 
staining: (b) 2, (c) 379 and (d) 73. Arrows indicate where 
ADH protein should be seen. ADH^ (a) is included for 
comparison.
Figure 5.— RNA spot blot analysis. Spotted RNAs were hybridized with 
the ^P-sACl genomic probe: (a) 405, (b) 2, (c) 73, (d) 74, 
(e) 248, (f) 249, (g) 319, (h) 379, (i) b AdhF e n b w ,  (j) 
wild type.
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Figure 6.— Northern blot analysis of x-ray mutants and wild type RNA. 
1.5% agarose-formaldehyde gels transferred to 
nitrocellulose and probed with ^2p-SACl. Markers (not 
shown) were E. eoli 16S (1541 bases) and 23S (2904 bases) 
RNA. Migration is from the bottom to top of the figure. 
Lane (1) wild type, (2) 2, (3) 73, (4) 74, (5) 319, (6)
248, (7) 80, (8) 249, (9) 379, (10) wild type. Lane 5 
(319) represents twice as much RNA as in the other samples. 
The larger hybridizing RNA molecules are pre-spliced 
Adh-mRNA seen when large amounts of RNA are 
electrophoresised under these conditions (see BENYAJATI et^  







Figure 7.— Comparison of Hha I digests of frozen (lane 1) or fresh 
(lane 2) b Adh^ cn bw and Adh® pr cn DNA. Panel a is
Q O
P-sAF2 and panel b is ^^P-sACl probed filters. Molecular 
weights of fragments determined from Hind III digests of 
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Figure 8.— Comparison of the 4.8 kb sACI and 11.8 kb sAF2 genomic
probes. Also shown are the Hinf I and Hpa I restriction 
sites. The 1536 bp fragment produced by the Hinf I 
includes the promoter, first 654 bp intron and the 5' half 
of the gene. The 399 bp fragment contains the 3' half of 
the Adh structural gene. Cutting with Hpa I and Hinf 1 
splits the 1536 bp fragment into 643 and 893 bp. The 893 
bp fragment includes the 654 bp intron and the 5 half of 
the gene while the 643 bp fragment includes the 5 end of 
the adult mRNA and the promoter site. Also shown are the 4 
exons of the adult mRNA, the leader sequence before exon 2 
and the 3' untranslated region after exon 4. The coding 
and splice regions are depicted at the bottom of the 
f igure.
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Figure 9.— -Hha I digest of wild type and mutant DNAs probed with
^P-sACl. Lane (1) wild type, (2) 2, (3) 73, (4) 74, (5) 
248, (6) 249, (7) 319, (8) 80, (9) 405. Arrows indicate 
additional bands hybridizing to the sACI probe. Molecular 
weights of fragments determined from Hind III digests of 
lambda DNA (not shown on gels).
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Figure 10.— Autoradiograph of Hha 1 genomic digests following Southern 
transfer from 1.5% agarose gel. Filters were probed with 
32P- sAF2. Lane (1) 379, (2) wild type, (3) 319, (4) 248, 
(5) 80, (6) 74, (7) 73, (8) 2, (9) 249. Arrows indicate 
missing and additional bands. Molecular weights of 
fragments determined from Hind III digests of lambda DNA 
(not shown on gels).
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Figure 11.— DNAs digested with Hinf I, separated on a 1.5% agarose 
gel, Southern blotted to nitrocellulose and hybridized 
with 32p_SAp2. Lane (1) wild type, (2) 2, (3) 73, (4) 74, 
(5) 80, (6) 248, (7) 249, (8) 319, (9) 405, (10) 379, (11) 
wild type. Molecular weights of fragments determined from 
Hind III digests of lambda DNA (not shown on gels).
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Figure 12.— Autoradiograph of Hpa I and Hinf- I digested DNAs run on a 
1.5% agarose gel, transferred to nitrocellulose and probed 
with the ^P-sACl genomic clone. Arrows show the 
additional bands of mutants 2 and 248 and the missing 
bands of mutants 80 and 74. Lane (1) 80, (2) wild type, 
(3) 319, (4) 249, (5) 248, (6) 74, (7) 73, (8) 2.
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SECTIONS I AND III,





I. Since the publication of the work presented in the first section 
some further unscheduled DNA synthesis studies have been conducted. 
These studies have used the mutagens ethyl nitrosourea (ENU) and 
methyl methanesulfonate (MMS) and mus 2 0 1 ^  , a DNA excision repair 
deficient strain (BOYD et al. 1982). The results of these experiments 
are summarized in Figure A l . ENU does not produce a detectable level
O
of JH-thymidine incorporation in the wild type stock Ore R and is 
therefore UDS negative. MMS, on the other hand, is positive for UDS 
in Ore R, but negative in mus 201D*. These results are similar to the 
previous studies with EMS; Ore R is positive for UDS while the 
mei~9^ d strain is negative. From these results it appears that both 
the mei-9^ and mus 201*^  strains are incapable of unscheduled DNA 
synthesis in oocytes, presumably due to the lack of their DNA excision 
repair capability.
A final note on the UDS studies: care must be taken when trying
to quantitatively compare the differences between, for example, Ore R
with MMS and EMS. Although superficially it appears MMS is producing
a stronger UDS response, this may not be the case. Since the oocyte
3
has such a large DNA precursor pool, differences in H-thymidine 
incorporation may be due to the number of unlabeled thymidine 
molecules present at the time of mutagen treatment. Furthermore, the 
actual mutagen dose has not been determined for any of the mutagens 
used here, and comparing exposures by concentrations is not a very
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-Unscheduled DNA synthesis results using EMS, MMS and ENU 
along with the DNA repair competent Ore R and DNA excision 
repair deficient raei-*9Ll and mus 201D1 strains.
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III. The manuscript presented in the last section has dealt only with 
x-ray induced Adh null mutations. However, recently ENU mutations 
have begun to be analyzed, and although there are only three at 
present, they appear very interesting. Mutant BR28 was induced in the 
female oocyte after an exposure of 2 mM ENU. This mutation is 
homozygous viable, but makes no detectable ADH protein as determined 
by the O'FARRELL technique. Mutant BR41 was recovered after a 5 mM 
exposure and is not viable over the long deletion 64j, but is viable 
over the shorter nLA379 deletion (see ASHBURNER _et al. 1982 for 
deletion description). BR41 also uncovers osp on one side and noc on 
the other which probably means it is a deletion of considerable length 
(greater than 60 kb). BR41, of course, does not make a detectable 
protein. Finally, BR43 was recovered after male treatment of 2 mM 
ENU, is homozygous viable and produces an ADH protein that resembles 
the wild type allele, Adh , as far as its migration on the 
two-dimensional gel is concerned. However, BR43 does not show any ADH 
enzyme activity. Both mutants BR28 and BR43 do have hybridizable mRNA 
determined by the THOMAS spot blot technique. The restriction 
digests, Southern and Northern blots and S^ protection experiments are 
currently in progress.
The x-ray and ENU mutants BR28 and BR43 are being cloned or have 
been cloned. This procedure utilizes the lambda in vitro packaging 
procedure (WILLIAMS and BLATTNER 1980) and the cloning vector EMBL4 
(FRISCHAUF et al. 1983). Briefly this entails completely digesting 
total mutant DNA with Eco RI, treating with calf intestinal
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phosphatase and size fractionating the fragments on an agarose gel. 
Fragments in the range of 4 to 8 kb are electroeluted from the gel and 
ligated to Bam HI and Eco RI digested EMBL4. This vector has the 
advantage of containing various restriction sites adjoining one 
another at either end of the middle fragment. By cleavage with Bam HI
and then Eco RI the ends of the two arms contain an Eco RI site while
the center fragment has Bam HI ends. Isopropanol precipitation 
removes the short fragments that contain an Eco RI site on one end and 
a Bam HI site on the other. By removal of these short fragments, the 
middle stuffer section cannot be ligated to the arms. This 
arrangement precludes purifying the arms and along with the 
phosphatase treatment is another means of assuring only recombinant 
phages surviving packaging. The recombinant DNA phage are then in 
vitro packaged (WILLIAMS and BLATTNER 1980) and plated on two E*_ eoli 
strains, one permissive (538) and the other restrictive (539). The 
plaques are counted for efficiency of packaging. Only recombinant 
phage can grow on strain 539 (those lacking the original middle
fragment) and the number of recombinant to non-recombinant phage can
be determined by this dual plating technique. Typically 1-5 x 10^ 
recombinant plaques per ug of DNA are seen. The plaques are lifted 
onto nitrocellulose, lysed and fixed to the filters. They are then 
hybridized with sACI, the genomic Adh clone in the plasmid pBR322. 
Positive plaques are isolated, grown and analyzed by gel 
electrophoresis. These are subcloned into one of the Messing strains 
(M13mpl0 or M13mpll) (MESSING and VIEIRA 1982) or the Barnes strains 
(mWB3225 or mWB3295) (BARNES, BEVIN and SON 1983) for sequencing by
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the Sanger method (SANGER, NICKLEN and COULSON 1977).
ADH Competitive Inhibition Analysis: The x-ray mutants and
various controls were crossed to _b Adh^ cn bw and the flies 
heterozygous for the mutant chromosome over the Adh^ chromosome were 
collected, aged 5 days and assayed for ADH activity (SCHWARTZ and 
SOFER 1976). Soluble protein was determined by the procedure of LOWRY 
et al. (1951). ADH activity was expressed in units/ug of total 
protein and compared to homozygous b Adh^ cn bw activity (Table I).
In the competitive inhibition assay (Table I), none of these 
mutants, whether they produced a recognizable protein or not, shows 
decreased ADHF activity when heterozygous with the Adh^ gene.
However, the CyOn® mutant does show a statistically significant 
difference in activity as compared to homozygous Adh^. This is also 
seen with the large deletions 47, 48 and 64j. Mutant 379, a small 
deletion of noc osp and Adh does not show this same type of effect 
seen with the larger deletions. This leads us to conclude that either 
the mutant polypeptides are so short as to not inhibit the dimer 
formation with ADH^ or it is rapidly degraded and does not participate 
in dimer formation at all. This is especially informative considering 
that while mutants 80 and 249 do produce a detectable ADH protein of
similar molecular weight, neither of these proteins participate in




Strain* Avg,» ug Avg. Units Normalized to
Protein + 2 SB2 per ug + 2 SD3 AdhF / AdhF 
+ 2 SD3
AdhF 300 4 34 51.8 + 4.8 1.00 ±  °*09
379 187 4 42 50.0 + 5.2 0.96 + 0.10
47 127 4 12 33.2 + 2.4a 0.64 + 0.07a
48 263 T 23 36.3 T  0.2a 0.70 + 0.01a
64j„b 590 4* 52 38.4 + 1.4a 0.74 + 0.04a
C y o ;f 283 4 30 40.7 + 2.3a 0.79 + 0.06a
CyO 178 4 12 52.5 + 3.6 1.01 + 0.07
2 200 4 26 50.0 + 5.6 0.97 + 0.11
73 463 4 46 48.8 + 2.4 0.94 + 0.05
80b 593 4 12 47.6 + 2.0 0.92 + 0.04
248 218 4 21 54.3 + 4.6 1.05 + 0.08
249b 230 4 15 48.3 + 1.2 0.93 + 0.02
319 267 4 19 49.4 + 1.7 0.95 + 0.04
405 190 4 12 46.0 + 2.8 0.89 + 0.06
^Protein extracts were prepared from 5 day old adult males. All 
strains listed were heterozygous over the _b AdhF cn bw chromosome.
2
Protein determined by the procedure of LOWRY et al. 1951.
3
Activity expressed in units of ADH activity per ug of protein. Three 
measurements were taken on three samples for each strain.
aThese values are significantly different form the Adh^ strain at a 
Student's t test probability 0.05.
^These strains have a recognizable ADH protein on a two-dimensional 
O'Farrell gel.
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ISOLATION OF DNA FROM ADULT DROSOPHILA
1. Grind flies in liquid nitrogen.
2. Homogenize flies (on ice) in DNA buffer in a ratio of 10-15 ml 
buffer / lg flies. (Do not use more than lg of flies).
3. Add an equal volume of chloroform:isoamyl alcohol:phenol (24:1:25)
to each sample . Mix layers 15 minutes; spin at 8,000 rpm in 
Sorvall SS-34 rotor for 15 minutes Transfer aqueous layer to a 
clean tube. Add equal volume TE to C:I:P and extract. Pool this
aqueous with previous aqueous. Extract 2 more times.
4. Add 0.1 volume 3M NaOAc to each sample, mix then add two volumes 
cold EtOH, mix and store at -20°C overnight or freeze in a dry 
ice-ethanol bath for 15 minutes.
5. Centrifuge 10,000 rpm in a Sorvall^ SS-34 rotor 20-30 minutes.
Pour off EtOH and invert tubes over a paper towel for a few 
minutes. Then dry DNA in vacuum desicator until almost dry.
Resuspend the pellet in 3 ml of TE buffer.
6. Add KI at 0.8-0.9 g/ml plus 50 ul of Eth. Br. (10 mg/ml stock).
Place in TV-865 centrifuge tube and make up to 4 ml with KI stock. 
Add 0.4 ml mineral oil.
7. Centrifuge at 55,000 rpm, 20°C for at least 8 hours and up to 16
hours. Collect the nuclear DNA band from the middle of the tube.
8. Extract 3-4 times with n-butanol saturated with 5 M NaCl. Lower 
layer must be clear.
9. Dialyze against 10 mM Tris-HCl, pH 7.5, 1 mM EDTA for at least 4-5
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hours with change of buffer each hour. Test for purity with 
spectrophotometer. If samples still contain ethidium bromide 
(pink color), then extract the samples with C:I:P. If the samples
are not clean (°D26c/OD280 ^ )  then add 100 ug/ml Proteinase K for 
1 hour at 37° C. C:I:P extract, spin as before, ether wash and 
check for purity.
*Use plastic 40 ml tubes with caps that are organic solvent resistant.
STOCK SOLUTIONS
All chemicals purchased from Sigma Chemical Company.
DNA Buffer;
50 mM Tris-HCl, pH 8.5 




TE; 10 mM Tris-HCL, pH 7.5
1 mM EDTA
Dialysis; 10 mM Tris-HCL, pH 7.5 (for 4 liters = 4.84g) 1 mM EDTA 
(for 4 liters = 1.49g)
Proteinase K; 1 mg/ml in TE
n-Butanol; Saturated with
5 M NaCl 
10 mM Tris-HCL, pH 8.5 
1 mM EDTA
Ethidium bromide— 10 mg /ml
C:I:P - Chloroform:isoamyl alcohol:phenol (24:1:25)
KI solution; r.i.= 1.418 (1.48 g/ml)
3 M NaOAc pH 5.2
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GUANIDINE-HCL/CSCL RNA ISOLATION PROCEDURE
1. Wash all glassware in 1 M NaOH; siliconize, autoclave and bake 
overnight.
2. Grind 1 g of flies in liquid nitrogen.
3. Homogenize flies (on ice) in Guanidine-HCl buffer in a ratio of 18
ml/g of flies.
4. Pour in 30 ml centrifuge tube and centrifuge for 10" at 10,000 rpm
in a SorvallR SS-34 rotor, -10°C.
5. Remove lipid debris by filtering through "sterile" gauze.
6. Precipitate RNA with 0.5 volume cold EtOH. Let stand at -20°C.
for 30'. Collect RNA by centrifugation at 4,000 rpm in a
SorvallR SS-34 rotor, -10°C for 15'.
7. Pour off EtOH and resuspend RNA pellet in 2.5 ml TEN + 0.5% SDS.
Add 0.5 ml Proteinase K and incubate at 55-65°C. for 30'.
8. Add an equal volume of C:I:P to sample (3 ml). Mix layers for
15', centrifuge at 8,000 rpm in a Sorvall^ SS-34 rotor for 15'.
Transfer aqueous layer to a clean tube.
9. Add 0.1 volume 3 M NaOAc; mix and add 2.5 volumes of cold EtOH;
mix and store at -20°C. overnight or freeze in a dry ice-EtOH bath
for 15'. Collect RNA by centrifugation at 10,000 rpm in a 
SorvallR SS-34 rotor for 20', 4°C.
10. Pour off EtOH and invert tubes over paper towels for a few
minutes. Dry RNA with either ^  gas Qr in a vacuum desicator. 
Resuspend RNA pellet in 1.5 ml TE.
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11. Add CsCl at 1 g/ml. Place 0.3 ml of 1.8 g/ml CsCl solution in 
bottom of TV-865 centrifuge tube. Top with sample and make up to
4 ml with stock CsCl solution (1.6 g/ml). Add 0.4 ml mineral oil.
12. Centrifuge at 50,000 rpm, 20°C. for at least 8 hours and up to 16 
hours in vertical rotor (TV-865). Collect white band at center of
tube and add 2 X volume sterile
13. Dialyze against TE, pH 7.5 for 16-24 hours. Test for purity with 
spectrophotometer.
STOCK SOLUTIONS
All chemicals purchased from Sigma Chemical company.
Guanidine-HCl; 8 M Guanidine-HCl
20 mM NaOAC, pH 5.0 
1 mM Dithiothreitol
Proteinase K; 1 mg/ml in TE.
TEN + SDS; 100 mM NaCl
50 mM Tris-HCl, pH 7.5 
10 mM EDTA
0.5 % SDS
TE; 10 mM Tris-HCl, pH 7.5
1 mM EDTA
C:I:P; Chloroform: isoamyl alcohol; phenol (24:1:25)
Dialysis; 10 mM Tris-HCl, pH 7.5 
1 mM EDTA
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MODIFIED 0'FARRELL FOR ADH PROTEIN
I. GENERAL
A. Clean Plates:
1. Wash 2 times with soap and water; rinse with distilled water.
2. Wipe inner surface of plate with EtOH and rub down with tissue to 
dry.
3. Cleaned plates should be handled with gloves; avoid touching 
surface of plates.
B. Spacers:
1. Set bottom spacer: 4 mm from bottom edge for isoelectricfocusing 
(IEF) and 8 mm from bottom for second dimension.
2. Set side spacers: 6 mm from side for isoelectricfocusing (IEF) and 
15 mm from side for second dimension.
3. Set top plate and clamp sides and bottom with bulldog clips, 
pushing side spacers snugly against bottom spacer. For 
isoelectricfocusing (IEF), make sure the comb fits between the 2 side 
spacers at this point; adjust if necessary.
C. Sealing:
8.0 ml 30% acrylamide (25:1)
8.0 ml Water 
*0.2 ml 8.4% TEMED
*0.5 ml 10% Ammonium persulfate 
*add just before use
Keep mixture stirring to prevent rapid setting; using a pasteur
87
pipette, apply the seal along sides and bottom edge of setup; avoid 
bubbles. The seal polymerizes quickly, so work fast.
II. ISOELECTRICFOCUSING (IEF)
16.5 g urea
4.0 ml 30% acrylamide for isoelectricfocusing (IEF) gels
6.0 ml 10% Nonidet P-40 
5.8 ml Water
Add above to small flask (final volume = 30 ml) and stir over low heat 
until urea has dissolved.
Prepare ampholines in a testtube; remove from bottles with 
hypodermic:
1.4 ml pH 3.5-10.0
0.3 ml pH 9.0-11.0
0.1 ml pH 5.0-7.0
0.1 ml pH 4.0-6.0 
When urea has dissolved, add ampholines and 80 ul 
riboflavin/TEMED. Pour into apparatus. Allow several minutes for 
bubbles to rise to surface, insert comb and clamp top (avoid trapping 
bubbles). Place gel in front of flourescent light for approx. 3 
hours. Check at intervals for shrinkage, topping off with excess 
solution as needed (Note: keep solution away from light to avoid 
polymerization).
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When polymerized, wash apparatus with distilled water to remove 
excess crystallized material. Remove bottom spacer and comb; remove 
excess water from slots with a microcapillary. Clamp apparatus to the 
support.
Load samples; fill each slot with overlay solution and slowly 
fill upper chamber with 0.01 M H3p o 4 . Fill lower chamber with 0.02 M 
NaOH; use syringe with curved needle to remove bubbles trapped along 
bottom edge of gel. Plug + (red) lead to upper electrode and - 
(black) to lower. Run at 2 mA constant current for 14 hours.
Sample Preparation
Homogenize 5 male flies with heads removed in 50 ul sample 
solution and 10 ul Aprotinin. Transfer to microfuge and centrifuge 
for 5 minutes at room temperature. Load 25 ul of supernatant onto 
isoelectricfocusing (IEF). Cover with overlay to fill slots.
III. SECOND DIMENSION
Mark sealed plates 1.0 cm and 0.5 cm from top; prop upright.
8% Acrylamide Gel 1 gel 2 gels 3 gels
30% acrylamide (25:1) 24.0 ml 47.9 ml 71.9 ml
Tris-HCl, pH 9.2 18.0 ml 36.0 ml 54.0 ml
60% Sucrose 7.6 ml 15.2 ml 22.8 ml
10% SDS, 4% EtOH 0.9 ml 1.8 ml 2.7 ml
ddH2o 39.1 ml 78.1 ml 117.2 ml
10% AP 0.27 ml 0.54 ml 0.81 ml
100% TEMED 40 ul 80 ul 120 ul
Pour gel solution between plates up to the 1.0 cm line. Overlay 
immediately with isobutanol and allow to polymerize (approx. 30 min.);
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polymerization is complete when a distinct interface forms at the top 
of the gel.
When polymerized, pour off isobutanol and wash 4X with stacking 
solution. Cover with stacking solution and leave at least 10 min. 
Pour off stacking solution and pour stacking gel up to the 0.5 cm 
line. Cover with isobutanol and allow to polymerize.
Stasking Solutions
Stack gel (1) Wash (for 3 gels)
30% acrylamide (25:1) 4.0 ml 20.0 ml
4X stack buffer 5.0 ml 25.0 ml
ddH2o 10.4 ml 51.9 ml
10% SDS, 4% EtOH 0.2 ml 1.0 ml
10% AP 0.25 ml
100% TEMED 30 ul ---
When polymerized pour off isobutanol and cover with sealing wash 
solution.
Wash (3 gels) Seal (3 gels)
4X stack buffer 20.0 ml 5.0 ml
ddH20 59.2 ml 14.8 ml
10% SDS, 4% EtOH 0.8 ml 0.2 ml
Agarose   0.2 g




Pour off wash from 2nd dimension gels and remove bottom spacer. 
Wash 4X with sealing wash. Prop up the gel and cover with sealing 
wash. Leave at least 10 min.
Turn off isoelectricfocusing (IEF) and remove from support.
Using a spatula, slowly pry apart the plates. Using graph paper as a 
guide, cut 6 mm slices from the middle of each slot. Wet with ddl^o 
and lift the slice with a strip of parafilm. Insert onto the top of 
the 2nd dimension gel (2 samples/gel). Avoid trapping bubbles and 
make sure the slice is in contact with the stacking gel. Remove 
excess wash solution with a pasteur pipette. Cover with sealing gel.
Place gel in support and fill reservoirs. Add tracking dye with 
micropipette between the two slices to the top of the stacking gel.
Run at 50 mA until dye reaches the bottom of the stack (approx. 45 
min.), then decrease to 40 mA. Run 15 min. after dye runs out (5-6 
hr.). Turn off power and remove gel from support. Pry plates apart. 
Cut gel in half to separate the two samples; cut a notch in one bottom 
corner of gel to mark orientation. Wet with ddl^O; pick up with scoop 
and place in 50% MeOH, 0.1% HCHO overnight. Silver stain.
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STOCK SOLUTIONS
All chemicals purchased from Sigma Chemical Company.
Two Dimensional Gels
1. 30% acrylamide-bisacrylamide (25:1)
For 1 liter: 300 g acrylamide
12 g bisacrylamide 
Add activated charcoal, filter, store in cold.
2. Tris-HCl (5X), pH 9.2 
For 1 liter: 257 g Trizma
500 ml
Titrate with conc. HC1 to pH 9.2 and bring to vol. with H2q .
3. 60% Sucrose
For 100 ml: 60 g sucrose
Add H2q to 100 ml.
4. Stacking Buffer (4X), Tris-sulfate, pH 6.1 
For 1 liter: 26.2 g Trizma
Titrate with sulphuric acid to pH 6.1, bring to vol. with H2q .
5. Tris-Borate (20X), pH 8.64 
For 1 liter: 99.2 g Trizma
20.0 g SDS
Dissolve in 400 ml adjust to pH 8.64 with saturated boric
acid solution; bring to vol. with H20.
6 . 0.2 M EDTA, pH 7.5
For 100 ml: 7.44 g Na^jyrA
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Adjust pH with NaOH.
IsoelaGfcEiefsensing Gels
1. Riboflavin/TEMED
For 100 ml: 14 mg riboflavin
1% v/v TEMED 
Store in cold, wrapped in foil.
2. Acrylamide
For 100 ml: 28.8 g acrylamide
1.6 g bisacrylamide 
Add activated charcoal, filter and store in cold.
3. Sample Overlay Solution 
For 100 ml: 30.0 g urea (=5 M)
2.0 ml pH 5-7 ampholine
0.5 ml pH 3-10 ampholine 
Store as 1.5 ml aliquots in freezer.
4. Nonidet Stock
For 100 ml: 10 g Nonidet P40
Stir well and store in cold.
5. Sample Solution
For 100 ml: 1) 57.06 g urea
Dissolve in small amt. ^ 0
2) 8 g Nonidet P40
Place in a 100 ml graduate cylinder
3) 5 ml B-mercaptoethanol 
Add to Nonidet
4) Add the urea to the above
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5) 2 ml pH 3.5-10 ampholines
Mix well and store as 1 ml aliquots in freezer.
General
1. 107. SDS, 4% EtOH
For 100 ml: 10 g SDS
4 ml EtOH 
Bring to vol. with H2q
2. TEMED
For 100 ml: 8.4 ml TEMED
Bring to vol. with H2q .
3. Ammonium Persulphate (10%)- AP 
For 10 ml: 1.0 g ammonium persulfate




For 1 liter: 50 ml Tris-borate (20X), pH 8.64
5 ml 0.2 M EDTA 
1 ml B-mercaptoethanol 
944 ml H2q
Lower
For 1 liter: 200 ml Tris-HCl (5X), pH 9.2 
800 ml H2o 
Isoelectricfocusing Gels 
Upper ( + electrode)
For 1 liter: 0.68 ml conc. H^po^
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1000 ml H20 
Lower ( - electrode)
For 1 liter: 0.8 g NaOH
1000 ml H2q 
Staining/Destaining with Coomassie Blue 
Two-dimensional Gels 
Staining
800 ml H2q 
800 ml methanol 
100 ml CH^COOH
0.2 g Coomassie Blue 
Destaining
For 8 liters: 600 ml CH^COOH
400 ml methanol 
80 ml glycerol (optional) 
Bring to 8 liters with H2q . 
Isoelectricfocusing Gels 
Staining
For 1 liter: 450 ml EtOH
450 ml H2o 
100 ml CH^COOH
1 g Coomassie Blue 
Leave in stain for 2 hours.
Destaining
For 1 liter: 250 ml EtOH
6 5 0  m l  H2 q
80 ml CHjCOOH 




1. Fix the gel overnight or 2-3 hrs in 50% methanol/ 0.1% 
formaldehyde.
2. Wash for 60 minutes in distilled water, change once every 15 
minutes.
3. Add 200 mis of 0.1% silver nitrate (Aldrich) and leave for 30 
minutes with gentle shaking.
4. Rinse once with distilled water and twice with developer. A 
yellow coloration will appear in the solution.
5. Add 250 mis developer (3% sodium carbonate/ 0.05% formaldehyde). 
The stain will start to appear within a few minutes. If the 
solution is highly discolored replace with fresh developer.
6 . Stop the reaction by adding 12.5 mis of 2.3M citric acid. Leave 
for 10 minutes, shaking gently.
7. Wash for 30 minutes in distilled water, change every 10 minutes.
Destain-ing
1. Destain with Kodak^ rapid fix (film strength) + 10% MeOH.
2. Water wash for 30 minutes, change 3X.
3. Kodak hypoclearing wash for 15 minutes.
4. Water wash overnight; change several times.
5. Restain as before and destain briefly if necessary.
6 . Dry down gels onto Whatman 3MM under vacuum for 24 hours.
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ADH PURIFICATION
1. Homogenize adults in 0.05 M phosphate, pH 7.5 with aprotinin.
2. Centrifuge 27,000 x g for 30 minutes.
3. Remove Supernatant and add solid ammomium sulfate to 40% (add
slowly).
4. Let stand 45 minutes on ice.
5. Centrifuge 27,000 x g for 30 minutes.
6 . Remove supernatant and add more ammonium sulfate to a final 
concentration of 60%.
7. Let stand overnight in refrigerator.
8 . Centrifuge 15k for 30 minutes.
9. Discard supernatant - redissolve pellet in minimal volume TE and
dialyze for 4-8 hours against 10 mM NaP, pH 6.0.
10. After dialysis, add more aprotinin.
11. Centrifuge 27,000 x g for 30 minutes.
12. Discard pellet - supernatant dialyzed against TE.
13. Affinity Chromotography - Affi-gel blue.
All chemicals purchased from Sigma Chemical Company.
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